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Abstract
GRASS COMPONENT EFFECT ON SOIL PHYSICAL PROPERTIES IN AN ORGANIC
CROP ROTATION
Emily Romano
In the past few decades, organic productions systems have become increasingly popular due to
rising environmental awareness. Much research has been done on crop rotations and fertilization
in conventional agricultural systems, but because organic management practices are often
different from those in conventional systems, much is unknown about the effect of organic
management practices on soil quality. Composted manure and a temporary grass component
within an organic crop rotation may be capable of improving soil quality, and may be
particularly important in the absence of synthetic chemical inputs. The objective of this research
was to evaluate soil quality changes in two different rotations: with and without grass and at two
rates of manure application. Variables measured were bulk density (BD), wet/dry aggregate
stability (WA/DA Geometric Mean Diameter), bioavailable nutrients (Soil Organic Matter, N, P,
K, Ca, Mg, Zn, TotN), and biomass. Additionally, the transition was examined from crop into
temporary grass component, and from grass component back into crops. This research was
conducted on an existing crop rotation experiment at the WVU Organic Farm in Morgantown,
WV. Two rotations were studied: of four and seven year durations, with the same crop sequence
(corn, soy, wheat, kale), and three years of orchard-grass/red clover added to the 7-year rotation.
Two bi-annual manure rates: unmanured (U):0 and manured (M):22.5Mg/ha) were applied to
corn and wheat plots. Analysis of variance (ANOVA) was performed on the data. Measurements
were taken in corn (C) and kale (K) plots, to represent the beginning and the end of the cropping
cycle, and on first (Orchardgrass 5, or O5) and last (Orchardgrass 7, or O7) years of grass
component.
Two years of data (2013 and 2014) show very similar results for both experiments. Results of
Experiment 1 show that, within rotation, manure application nearly always significantly
improved soil physical and chemical properties (e.g. for 2013, Bulk density (BD) 4-yr Manured
(M): 1.09Mg/m3, 4-yr Unmanured (U): 1.22Mg/m3, 7-yr M: 1.15Mg/m3, 7-yr U: 1.24Mg/m3;
Soil Organic Matter 4-yr M: 3.9%, 4-yr U: 2.7%, 7-yr M: 4.9%, 7-yr U: 3.2%; pH 4-yr M: 5.8,
4-yr U: 5.0, 7-yr M: 5.9, 7-yr U: 5.2; Phosphorus 4-yr M: 96.7mg/kg, 4-yr U: 19.7mg/kg, 7-yr
M: 70.8mg/kg, 7-yr U: 26.2mg/kg; Total nitrogen 4-yr M: 2.7%, 4-yr U: 1.7%, 7-yr M: 2.9%, 7yr U: 2.2%). Corn and cowpea biomass were also higher in manured plots than in unmanured
plots [Corn Biomass 4-yr M: 326g, 4-yr U: 248g, 7-yr M: 436g, 7-yr U: 253g; Cowpea Biomass
4-yr M: 8.63 Mg/ha, 4-yr U: 5.69 Mg/ha, 7-yr M: 9.47 Mg/ha, 7-yr U: 4.25 Mg/ha]. “Betweenrotation” results for manure application were very similar to those found within rotation.
A significant effect of crop was observed within rotation. Soil quality was often found to be
higher in corn plots than in kale plots (e.g. DA-GMD 7-yr C: 5.1 mm, 7-yr K: 4.3 mm; WAGMD 7-yr C: 4.9 mm, 7-yr K: 2.6 mm; SOM 4-yr C: 3.5%, 4-yr K: 3.1%; 7-yr C: 3.7%, 7-yr K:
3.5%; pH 7-yr C: 5.6, 7-yr K: 5.4; P 4-yr C: 86.9 mg/kg, 4-yr K: 29.6 mg/kg, 7-yr C: 72.9 mg/kg,
ii

7-yr K: 24.5 mg/kg). This may be due to the fact that composted manure is added directly to corn
plots, and not to kale plots. Interactions were observed between manure and crop.
The 7-yr rotation significantly improved bulk density (BD 4yr C: 1.7 Mg/m3, 7yr C: 1.3 Mg/m3),
DA-GMD (4yr C: 3.9mm, 7yr C: 5.1mm), WA-GMD (4yr C: 3.2mm, 7yr C: 4.9mm) and soil
organic matter (SOM 4yr C: 3.1%, 7yr C: 3.5%), and appeared to have a protective effect of
SOM. Regardless of crop, Total N was also higher in the 7-yr rotation (C: 2.8%, K: 2.2%) than
in the 4-yr rotation (C: 2.3%, K: 2.0%). The 7-yr rotation, however, did not always improve
aggregate stability or plant available nutrients (WA-GMD 4yr K: 3.0mm, 7yr K: 2.7mm; P, 7-yr
C: 72.9mg/kg, 4-yr C: 86.9mg/kg, and 7-yr K: 24.5mg/kg, and 4-yr K: 29.6mg/kg). Corn and
cowpea biomass were highest in plots receiving the combination of the manure treatment and the
7-yr rotation treatment (e.g. Corn Biomass 4-yr M: 326g, 4-yr U: 248g, 7-yr M: 436g, 7-yr U:
253g). An interaction was found between manure addition and rotation.
In 2013, results of Experiment 2 show the effect of the transition into and out of the temporary
grass component. The transition from crops into grass showed an improvement in soil quality
(e.g. BD K: 1.14, O5: 1.19; DA-GMD K: 4.4mm, O5: 6.4mm; Calcium K: 1728mg/kg, O5:
2015mg/kg). This improvement reversed during the transition out of the temporary grass
component (e.g. BD O7: 1.24, C: 1.13; DA-GMD K: 6.1mm, O5: 5.1mm; Calcium O7:
2135mg/kg, C: 1938mg/kg). These changes reflect a pause in tillage and the effect of the grass
component, and subsequent resume in tillage.
This research supports the use of manure application and the use of a temporary grass component
in an organic rotation to improve soil physical quality. The research also increases the
understanding of the effect of a grass component within organic rotations on soil quality, and
would benefit from additional organic long-term rotational research.
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CHAPTER 1. INTRODUCTION AND JUSTIFICATION

Soil quality and environmental health are dependent upon the agricultural practices
selected for a specific production system. In the past half-century, agricultural production
systems have evolved to become highly mechanized and highly dependent upon external
chemicals input systems with their own management strategies. These new management
strategies, called conventional or traditional management practices, may have resulted in loss of
soil organic matter (SOM) and nutrients, soil erosion, and increasing vulnerability of crops to
pests and extreme weather (Duiker, 2006). It is believed that non-conventional or alternative
management systems such as organic production systems are capable of solving problems caused
by traditional synthetic chemical-dependent agriculture, notably those related to poor soil quality
and harmful inputs (Pimentel et al., 2005). Increasing environmental awareness leads many
farmers to consider transition to organic agriculture; the more these “new” or “alternative”
systems are adopted, the greater the need for a solid scientific understanding of their effect upon
soil quality.
Soil quality in the agricultural context is defined as the ability of the soil to maintain crop
production and productivity over time. It is evaluated, monitored, and characterized through soil
quality indicators, such as bulk density, pH, soil organic carbon (SOC), wet and dry aggregate
stability, plant yield/biomass, and measures of soil biological activity. Organic farming practices
are believed to improve variables that reflect soil quality, such as high biodiversity, SOC, pools
of stored nutrients (Clark et al., 1998; Pimentel et al., 2005), enhanced soil aggregation (Sainju et
al., 2003; Green et al. 2005), and soil structure (Riley et al., 2008). Although crop yields from
organic systems are lower than those of conventional/ traditional systems, the latter are believed
to be ecologically deleterious, and encourage resistance of pests, weeds, and disease (Pimentel et
al., 2005).
In the absence of synthetic fertilizers and pesticides, organically-managed systems rely
on a variety of strategies to maintain production and soil quality. These strategies are included in
what are referred to as Best Management Practices (BMPs). BMPs are a broad array of land
management techniques which maintain, preserve, improve and restore soil and water quality. In
agricultural systems, these practices are implemented to increase production, ground cover
1

(White, 2006), and to manage environmental and climatological risks. BMPs include crop
rotations, reduced tillage, manure, fertilizer and compost application, irrigation, planting of
legumes and cover crops, green manures, and livestock grazing (Chirinda et al., 2010; Baldwin,
2006).
Crop rotations are common in agricultural systems in general, but are essential in organic
agricultural systems. Crop rotation cycles are defined by the crop composition (type) and the
length of time (duration) over which each crop species remains in the field. The summation of all
the individual crop length of times is called the rotation duration or cycle length. Short two or
three annual crop rotation cycles may reduce the need for agrochemical application. Shorter
rotation cycles do not include forage crops or multi-year pasture sequences, which may increase
and maintain soil organic matter (SOM) (Baldwin, 2006; NRAES, 2006). Other types of rotation
cycles include periods of fallow, during which mineralization of SOM continues, reducing the
amount of this essential component. A successful rotation cycle alternates between leguminous
and non-leguminous crops, high- and low-requirement crops, deep-rooted and shallow-rooted
crops, and may also include a grass component for sod or pasture. Green manures or cover crops
may be planted, and incorporated into the soil before seeding a cash crop. If a rotation is
maintained, it has the potential to increase levels of SOM and improve soil physical properties
over time (Baldwin, 2006).
Including a temporary grass component could be important in organic crop rotations for
maintaining soil structure, controlling pests and weeds, and enhancing nutrient cycling (Chirinda
et al., 2010; Riley et al., 2008). While it is generally accepted that a grass component is
beneficial to a rotation cycle, existing research on this matter has mainly been done on
conventionally managed rotations. Therefore, implications for organic rotations may only be
inferred (NRAES, 2006).
This study seeks to identify and measure changes in soil physical properties due to the
presence or absence of a grass component in an organic crop rotation. The findings of this study
could improve our understanding of the sustainability of organic agriculture, and better inform
Best Management Practices (BMPs) available to organic farmers.

2

CHAPTER 2. LITERATURE REVIEW
Alternative Agriculture
In the past fifty years, social and ecological problems caused by conventional agriculture
have created a need for improved production systems. Sustainable agriculture can be defined as a
broad set of management practices and methods which increase and maintain food production
with the additional goals of enhancing environmental quality, resource efficiency, sustaining
economic viability of farm operations, reduced chemical dependence, and social justice (USDA,
2009). Alternative methods within sustainable agriculture are diverse, and no single method is a
perfect solution. These practices include aquaponics, ecological pest management, permaculture,
agroforestry, and organic production. The ideal practice would produce good crop yields, be
economical, and minimize ecological impact.
Organic systems are in the spotlight of sustainable agriculture. They rely upon BMPs
such as conservation tillage, crop rotations, cover crops, green manures, multi-year pasture
sequences, livestock grazing, and application of manure and crop residue as fertilizer (White,
2006). These practices have been reported to support soil structural stability, efficient nutrient
cycling, and soil biodiversity without the use of synthetic pesticides and fertilizers (Chirinda et
al., 2010).
Organic Certification is an option for organic producers, which allows products to be
sold, labeled, and represented as organic (USDA, 2009). Certification is an important distinction
from “organic practices” because it ensures compliance by the farmer to general and specific
management practices, such as preserving natural resources and biodiversity, supporting animal
health and welfare, providing animal access to outdoors so animals can exercise their natural
behaviors, use of approved materials only, non-use of genetically modified ingredients, annual
onsite inspections, and separate storage of organic and non-organic food and materials (USDA,
2009). Certification requires that land used to produce food or fiber be managed in compliance
with the USDA standards for three years prior to certification.
Organic practices tend to increase SOC which enhances soil physical properties,
specifically aggregate stability and water holding capacity (Green et al., 2005; Fenton et al.,
1999; Siegrist et al., 1998; Riley et al., 2008). Aggregate stability has been reported to be 1060% higher in organic systems (Mäder et al., 2002). These benefits might be expected in systems
which improve SOC, because aggregates are stabilized by organic matter; however sometimes
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only slight differences are observed compared to conventional systems (Mäder et al., 2002). Six
et al. (2001) reported that different organic matter percentages can be found in different
aggregate fractions when subjected to slaking. Microaggregates appear to be stabilized by more
persistent or recalcitrant SOM, while macroaggregates are composed of microaggregates bound
by younger organic materials, roots and hyphae (Yamashita et al., 2006; Arshad et al., 2004;
Freixo et al., 2002). Fine, inter-aggregate organic material appears to be more altered by
microbial processes than coarse inter-aggregate organic material (Six et al., 2001).
A successful organic management plan will mitigate crop and soil vulnerability due to
management practices. However, in the absence of herbicides, organic systems rely heavily on
tillage and cover crops to control weeds (Liebman & Davis, 2000). Tillage-induced aggregate
destruction may negate the benefits of BMPs by accelerating SOM decomposition, aggregate
breakage, and increasing the risk of erosion (Green et al., 2005; Chan et al., 1996). The
deleterious effect of tillage on soil structure in organic systems may impact the sustainability of
this production system. Few organic studies are long-term trials, although those in existence
report some environmental benefits (Drinkwater et al., 1998; Mäder et al., 2002; Robertson et al.,
2000).
Most of the existing research on soil physical property changes due to management
practices in cropping systems focuses on conventional agriculture systems. This research could
have implications for organic agriculture, despite the differences between conventional and
organic production systems. Physical processes in the soil depend upon its chemical and
biological properties, which may be dramatically different between production systems. For
example, inorganic fertilizers have the potential to speed breakdown of organic residues, which
has been reported to reduce aggregate stability (Chirinda et al., 2010; Mäder et al., 2002). Studies
are needed to measure soil physical and chemical properties as indicators of soil quality in
organic systems, including bulk density, aggregate stability, aggregate size distributions, and
total C, N, and P (Green et al., 2005).
Primary productivity and yield are additional measurements used as proxies to
characterize soil quality. Because conventional agriculture produces higher yields, existing
research on organic systems tends to measure yield, or net primary productivity (Bell et al.,
2012; Acharya et al., 2004). Yield is affected by many variables, but as a surrogate for soil
quality, it has implications for the economics of organic farming. Yields may be lower in some
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organic systems, but yields from a high quality organically managed soil may eventually match
those of conventional systems, and will be less dependent upon chemical inputs (Chirinda et al.,
2010; Mäder et al., 2002).
Higher nutrient use efficiency has been reported in organic systems, as exhibited by large
reductions in inputs paired with lesser reductions in mean crop yield (Mäder et al., 2002).
A delay is present between time of organic amendment application and the availability of
nutrients to plants, due to the time required for organic materials to decompose and be
mineralized in the soil. This delay is not present in conventional systems where synthetic
fertilizers are applied (Liebman & Davis, 2000). If applied at the right time, this “slow-release”
fertilizer effect of organic materials may increase the likelihood that nutrients will be utilized by
a crop, rather than being present in excess and consequently leached or volatized. Organic
systems also exhibit slightly higher pH than conventional systems (Mäder et al., 2002), which is
associated with higher levels of SOM.
A system that relies upon high levels of SOM and incorporates a greater amount of
residues into the soil is likely to exhibit higher soil carbon sequestration (Drinkwater et al.,
1998). While the species of the plant has been shown to have little effect on the amount of
carbon sequestered, residue composition and quality appear to be very important. It has been
shown that more carbon from applied manure persists in the soil than carbon from the
application of crop residues. This may be due to the partially decomposed nature of manure and
the chemical recalcitrance of its compounds (Drinkwater et al., 1998).
Ideally, organic agriculture will have a beneficial impact on ecological factors by
building soil fertility and supporting biodiversity. A positive correlation has been found between
aggregate stability and both microbial and earthworm biomass (Mäder et al., 2002). Higher
activity and density of sensitive taxonomic groups, such as epigaeic arthropods, can be found in
organic systems, as well as higher biomass, and abundance of earthworms and mycorrhizal root
length. These measurements indicate higher soil stability, higher aggregation, and higher soil
fertility (Mäder et al., 2002).
Although high biodiversity is indicative of ecosystem health, there is no solid evidence
that higher diversity increases resistance to perturbation (Sims, 1990). Pesticides in conventional
systems influence microbial activities in different ways. In some cases, a predator is removed
and a previously controlled prey-species flourishes. In other cases, a pesticide removes nitrifying
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bacteria from the soil, after which nitrification can take several months to recover (Sims, 1990).
Some research shows no response of nitrification, or even a positive response to a particular
pesticide. In the event that a pollutant removes sensitive species, soil respiration may increase
due to digestion by surviving species (Sims, 1990).
Conflicting results require additional investigation in the field of organic agriculture.
Mäder et al. (2002) concluded that, because of increased resource use efficiency and greater
biodiversity, organic farming systems are a realistic alternative to conventional farming systems.

Management Practices
Tillage
Tillage is an important practice for pest, disease and weed management, incorporation of
crop residues and nutrients into the soil, and preparation of the seed-bed (Green et al., 2005).
Tillage also aids in increasing soil temperature, reducing soil moisture, breaking surface crusts,
and creates micro-depressions in the soil surface which are beneficial for infiltration and
reducing erosion. Tillage that improves infiltration reduces problems associated with wet soil,
and decreases the incidence of seedling diseases (Baldwin, 2006). Burial of weeds or infected
crop residues will control some diseases, while other diseases may be transmitted to new crops
by farm machinery. When tillage is performed incorrectly, it degrades soil quality.
Tillage may be deleterious to soil when it is performed in excess or at the wrong time
because it may break aggregates and reduce macroporosity, creating a compacted layer below the
surface (called a plowpan), and increasing decomposition of SOM. These effects leave mineral
and nutrient components of the soil increasingly vulnerable to wind and water erosion (White,
2006; Jat et al., 2012). Primary tillage can bring lower quality subsoil to the surface, which
promotes development of poor surface conditions. Tillage erosion (Van Oost et al., 2006) has
also been identified as a consequence of improper tillage; if done up and down a slope, tillage
encourages down-slope erosion and infield variability in texture and yield.
Aggregates are mechanically broken down by tillage, and as a consequence, over time the
soil may develop higher bulk density, reduced porosity, higher penetration resistance, and lower
infiltration (West & Post, 2002; Bhattacharyya et al., 2006; Slepetiene et al., 2010). Soil carbon
associated with these aggregates also declines under cultivation (Sims, 1990). If soil is tilled to
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the same depth each year, or if tillage is performed when the soil is too wet, a plow-pan may
develop a foot or two below the surface of the soil, which roots cannot penetrate.
Wise use of machinery avoids these problems by restricting tillage practices to times
when soil is neither too wet nor too dry, by reducing number of passes required to prepare the
soil, and by tilling to varying depths. Contour tillage designs plow paths which run perpendicular
to the greatest slope within a field, to reduce down-slope erosion.
Two main tillage systems are used: conventional tillage and conservation tillage.
Conventional tillage (CT) has been broadly defined as any system that leaves 15- 30% crop
residue cover after planting (Duiker, 2006). Conservation tillage systems, such as reduced-till
(RT) and no-till (NT), reduce the problems associated with CT by maintaining at least 30%
residue cover on the soil surface (White, 2006). Because RT and NT often disturb the soil to a
lesser extent, they tend to preserve crop rotation-induced benefits (Chan et al., 1996) such as
greater surface cover, higher macroporosity, higher soil moisture, slower SOM decomposition,
higher soil organism populations, and higher levels of surface SOM, humus, and N (Jat et al.,
2012; Freixo et al., 2002; Slepetiene et al., 2010; West and Post, 2002). Pore size distribution,
pore geometry, and hydraulic properties have all been found to be distinctly improved under NT
(Bhattacharyya et al., 2006).
Conversion from CT to NT can sequester 57± 14 g C m-2 yr-1 carbon in soil (West &
Post, 2002). These authors found carbon sequestration rates to peak at the 5-10 year mark after
conversion to no-till, reaching a new equilibrium after 15 to 20 years. In the same experiment,
after enhanced rotational complexity, it took 40-60 years to establish a new carbon equilibrium.
Tillage has been reported to prompt accelerated decomposition of SOM, and as a
consequence more N could be released to be used by plants or microbes, or leached (Sims,
1990). In a case where land is tilled for the first time, a spike in microbial biomass and
metabolism may occur, increasing organic matter mineralization; tillage extends this process to
greater depths than in untilled soils.
Reduced tillage systems show increased concentrations of aerobes, facultative anaerobes,
and nitrifiers at the soil surface (Sims, 1990). In systems which support biodiversity, exudates
and hyphae from species, especially of arbuscular mycorrhizal fungi (AMF), benefit aggregate
stability.
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Increase in tillage has been related to a decline in SOM, which has detrimental effects on
soil structure and biology, and results in a soil’s heightened vulnerability to erosion. Erosion and
SOM loss can decrease microbial activity. In general, soil degradation is difficult to reverse, and
preventative measures such as reduced tillage or careful timing of tillage are required. Time
needed to establish a new soil system equilibrium, or for a degraded systems to recover, is highly
variable and will depend upon the combination of management strategies (Sims, 1990).
Crop Rotations
A crop sequence could directly impact soil quality, and is therefore an important factor in
an organic agricultural system. Crops are either grown as a monoculture, or as rotations. Major
detrimental effects of growing the same crop season after season in the same area include
nutrient depletion, soil compaction, and increase in pest and disease problems. Rotations
alternate between two or more crops, while complex rotations have additional benefits for soil
physical and biochemical properties. A successful rotation combines crops with different growth
patterns and requirements, e.g. high and low soil physical protection from wind and water, crops
with differing root systems (depth and shape), and crops with variable fertility demands.
An ideal rotation includes a legume component to fix atmospheric nitrogen, crops of
different botanical families to break pest and disease life-cycles, and potentially a forage or grass
component that could be also used for livestock production. Grazing animals directly on the
rotation plots may provide extra benefits such as ensuring a supply of nutrient-rich manure and
weed control. Inclusion of a grass component, such as orchardgrass or a grass/legume mixture,
adds time and stability for the soil to recover from nutrient removal by crops and the mechanical
disturbance of planting and harvesting. Because land-use changes from crops to grass, these
rotation cycles may be considered to have transitional components. Grass components will be
discussed in greater detail in the next section.
As discussed in previous paragraphs, additions of organic materials such as green
manures, cover crops, manure, and compost benefit the microbial community and stabilize soil
aggregates. Green manures are crops planted to be later incorporated into the soil while still
green, for the benefits of trapping available nutrients, adding organic matter (OM) and erosion
control. This practice improves soil structure, stability, and fertility. Green manures may also
control weeds and pest life-cycles. Cover crops are grown with the intention of protecting the
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soil, and later killed and left at the soil surface or tilled under. These are often grown in the cold,
dry season or during times between cash crops to reduce erosion and improve soil structure.
Management practices used in crop rotations may almost immediately benefit certain soil
properties, such as biological nitrogen fixation or erosion control from a cover crop. After
conversion from monocropping to multiple cropping systems, many soils require between 5 and
10 years to experience a significant increase in soil quality (West & Post, 2002). A diverse
rotation may take from 15 to 60 years for new carbon sequestration rates to stabilize. Once
stabilized, it may be necessary to maintain a minimum cycle of four years of diverse crops
(different families), not susceptible to the same pests and diseases, to show a rotation benefit
(Baldwin, 2006). In general, a two-year rotation will control foliar diseases, since these are
transmitted by contact with infected residues, but some pathogens (such as Streptomyces soil rot,
Fusarium wilt, or clubroot) require between 5 and 7 years (Baldwin, 2006).
Related to the rotation composition, leguminous crops within a rotation fix nitrogen,
while cover crops capture nitrate to prevent leaching. No-legume component in the rotation leads
to less developed soil aggregation (Aoda et al., 1987), while enhanced soil aggregation has been
attributed to cover cropping (Sainju et al., 2003; Green et al., 2005). Water retention and
hydraulic conductivity are improved by channels made by fine roots of plants such as clover or
mustard; these channels could also contribute significantly to water storage and water transport
through the soil. Certain rotation compositions, such as soybean-pea rotations, appear to have a
more beneficial effect on hydraulic conductivities than other compositions, such as soybeanlentil and soybean-wheat (Bhattacharyya et al., 2006).
Rotations that include cover crops may ameliorate compaction and as a consequence
increase crop yields (Duiker, 2006). If the selected rotation component has taproots, these will
create channels in the soil and improve infiltration. Crop components also leave different
amounts and types of residues behind, which benefit nutrient cycling and stabilize aggregates.
Enhanced rotation complexity sequesters more carbon (20 ± 12gCm-2 yr-1) in
conventionally tilled plots, although not as much as switching to no-tillage production systems
(West & Post, 2002). West and Post (2002) assert that if crop rotation and no-till are used
together, short-term enhanced carbon sequestration will be a result of reduced tillage, while longterm enhanced carbon sequestration will be the result of enhanced rotational composition
complexity (West & Post, 2002).
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In addition to rotation components, the length of the rotation (duration) controls the
“rotation effect”. It is difficult to determine the “best” rotation length, but in general, a long
enough rotation will successfully break the reproductive cycle of a pest or weed by depriving
species dependent upon a specific crop of their host. A problematic fungus might persist for five
years in the soil, and would only be managed by a rotation of at least six years. More persistent
pests will require longer rotations or additional measures. Pests may be directly suppressed by
microbial dynamics or exudates from a particular crop (NRAES, 2006).
It is well established that rotations are beneficial for an agricultural system. The details of
those benefits during transition to and from a grass component will be explored by this research.
Temporary Grass Component in a Rotation
Grasses included in the rotation introduce a pause in tillage, relief from associated
compaction, reduce susceptibility to erosion, and improve SOM (Arshad et al., 2004). Several of
the common species used as temporary grasses in a crop rotation are orchardgrass, alfalfa,
clover, ryegrass, bromegrass, lucerne, herbs, and festulolium (Acharya et al., 2012). The grass
component can be grazed, mowed for residue cover, cut for hay, or turned back into the soil as a
green manure.
Some soils improve considerably after 3 or 4 years of grass, while others require 6-10
years (Acharya et al., 2012; Ominski et al., 1999; Entz et al., 1995). Short-cycle rotations are
most effective for farmers with a large land area, where periods of intensity are followed by
longer-term (6 to 10 years, or more) perennial cover or hay crops (NRAES, 2009).
The dense root systems of grasses incorporate organic matter into the soil, which
increases water availability and decreases bulk density (Riley et al., 2008); row crop systems
tend to have the opposite effect because of their relatively low proportion of roots to soil, and
because the bare pathways between rows are compacted by foot traffic and raindrops (NRAES,
2009). Rotational systems without grass have exhibited higher BD and mean aggregate size, and
lower levels of plant available water and aggregate stability due to lower overall levels of SOM
(Riley et al., 2008). Perennial grass components are more beneficial to soil structure than no-till
cropping systems (Arshad et al., 2004). These plots also tend to be disturbed by mowing or
cutting during times in the growing season when soil is drier, which reduces risk of compaction
(Wortmann & Jasa, 2009).
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Perennial grass areas are undisturbed, and therefore share some benefits of NT, such as
greater surface cover, higher macroporosity, soil moisture, soil organism populations, higher
surface SOM and N, and slower SOM decomposition (Jat et al., 2012; Freixo et al., 2002). An
increase in penetration resistance may be observed at the surface of untilled perennial grass
systems due to lack of disturbance by tillage (Arshad et al., 2004). As for NT systems, nutrient
stratification occurs naturally in the absence of tillage (Reeves, 1994). Under NT conditions, pH
is slightly reduced, while SOM and soluble P and K increase in the top 10cm (Gadermaier et al.,
2011). When tillage resumes, nutrients and organic matter are redistributed fairly evenly to the
plowed depth.
Older (increased length) grass components exhibit greater root biomass build-up and
increased amounts of carbon sequestration compared to shorter grass components. Mixed grassclover component capacity for C storage has been reported to be between that of cropped land
and permanent grassland (Soussana et al., 2004; Drinkwater et al., 1998). Organic grassland
yields have been found to meet 70 to 100% of conventional grassland yields (Mäder et al., 2002).
Grass components in a rotation may reduce but not eliminate weed populations; the
effectiveness depends upon leaf area and shading of emerging weeds (Liebman & Davis, 2000)
In these systems, biological activity indicators increase, such as microbial biomass C
(Gadermaier et al., 2011).
Finally, livestock is often combined with temporary grass component in rotational
systems to control weeds and deposit organic carbon in the form of manure (Soussana et al.,
2004). Grazing accelerates annual shoot turnover, and increases below-ground biomass and fine
root productivity (Pucheta et al., 2004; Acharya et al. 2012). Systems without grazing livestock
exhibit reduced growth of fibrous roots and lower overall carbon stocks (Reeder & Schuman,
2002).
Manure and Compost Application
Manure and composted manure are added to soil to improve biological, chemical and
physical soil properties. Additions of these materials have the potential to increase macro- and
micro-nutrients, soil water retention, aggregation and aggregate stability, and CEC. If applied in
excess or at the wrong time, excess nutrients may run off and cause eutrophication downstream.
Wise nutrient management requires minimizing excess and losses by applying amendments
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when the crop is at a growth stage to utilize the nutrients, and then to incorporate the additions
with tillage (Liebman & Davis, 2000).
Organic additions are desirable as long term supplies of fertility (Liebman & Davis,
2000). The quality of manure or compost (as defined by age, C:N ratio, lignin and polyphenol
content) is of equal importance as soil temperature, moisture, aeration, pH, tillage, and timing
(Liebman & Davis, 2000).
Some researchers (Klute & Jacob, 1949; Young et al., 1960; McIntosh and Varney, 1973)
have reported no direct benefit of manure on soil physical properties, and attribute improved
crop performance to nutrients in the manure (Aoda et al., 1987). Other authors (Arriaga and
Lowery, 2003; Bulluck et al., 2002) attribute significant changes in soil structure to manure
application. More research is needed to understand the relationship between manure application
and soil physical properties.
Manure and composts are rich in stable forms of soil organic matter, which allows SOM
to accumulate in the soil. Under continuous manure application, these systems may exhibit
higher tolerance to soil degradation by moldboard plowing than systems without consistent
manure application (Gadermaier et al., 2011).
Timing of amendment application and other management practices affect the ability of a
soil to hold the nutrients, or the ability of a crop to utilize them. Manure incorporated by tillage
will decompose more quickly and will be held more tightly by the soil during precipitation
events, than would occur if the manure is left on the surface (Green et al., 2005). Excess soil
water content paired with low plant demand during winter and spring are associated with greater
amounts of leached N. If manure and compost are added on a well-drained soil when plants are
able to utilize nutrients, the risk of nutrient erosion will be lower. McIntosh and Varney (1973)’s
report found annual applications of 44,000 kg/ha of manure to be necessary to maintain SOM
during a period of cultivation.
The potential exists for microorganisms or heavy metals contained in the manure to
become pollutants in cases where livestock is confined, and manure becomes excessively
concentrated (Sims, 1990). Manure application may increase C and N levels in the soil without
changing bacterial, fungal, or protozoan populations (Sims, 1990), but it may also be a crucial
factor in increasing microbial biomass (Gadermaier et al., 2011).
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Crop Biomass Production
Biomass is the accumulation, above and belowground, of biological material by the plant.
This includes roots, stems, leaves, and reproductive structures. Crop rotations have been found to
increase crop biomass production; this may be attributed to an increase in SOC or available
inorganic N in the soil (Smith et al., 2008). It has also been found that inorganic N is influenced
by number of species in a crop rotation, which indicates that species diversity has the potential to
improve soil quality (Smith et al., 2008).
For the purposes of this research, aboveground biomass was measured for crops and
orchardgrass. Because plant growth is directly linked to soil conditions, biomass is used here as a
proxy for soil quality. Yield is the fraction of the biomass usable for economic purposes. In the
case of corn, yield was calculated as the dry weight of kernels isolated from the cob, husk, and
stalk (Sala & Austin, 2000). In the case of cowpeas, yield was calculated from dry weight of the
entire plant.
Primary productivity is the net amount of carbon assimilated by vegetation in a given
period of time (Haberl et al., 2007). Vegetation growth responds to soil conditions (SOM, pore
connectivity, bulk density, plant available water, nutrient availability), and therefore primary
productivity may be used as a proxy for soil quality. Weather is also an important factor for
primary productivity. This is typically factored in using growing-degree-days, or heat units,
which are a measure of thermal time used to estimate number of days growth occurs during a
given growing season, using daily minimum and maximum temperatures (McMaster & Wilhelm,
1997).
Objectives and Hypotheses
The general aim of this study was to observe changes in soil physical properties due to
the presence of a temporary grass component in two organic rotation cycles. The 4-yr rotation is
defined as a four year crop cycle, and the 7-yr rotation is defined by the same four years of
cropping followed by three years of orchardgrass (Dactylis glomerata). The specific objectives
that guided this study were as follows:

Objective 1: Measure differences in soil properties and plant biomass between and
within first and last crop components of two rotation cycles subjected to two levels of
composted manure input.
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i. - Compare soil properties and biomass obtained in the 4-yr rotation corn to the 7-yr
rotation corn, and compare 4-yr rotation kale to 7-yr rotation kale, both at two levels of compost
input (Figure 1a).
ii. - Measure soil properties and biomass in the corn plots (first crop component) and kale
(last crop component) subjected to two levels of manure application. In the 4-yr rotation, the
crop components follow other crop components; in the 7-yr rotation, corn follows three years of
temporary orchardgrass, and kale follows previous crops (Figure 1b).

Objective 2: Determine changes in soil physical properties in the transition from
crops to grass components and from grass to crops in the 7-yr rotation, subjected to two
levels of composted manure input.
i.- Measure and compare soil properties in the last crop component and first year of
orchardgrass (kale and O5), and the last year of orchardgrass with the first year crop component
(O7 to corn) (Figure 2).

The general hypotheses that drive this study are as follows:
In an organic crop rotation, changes in soil physical properties (soil quality) after three
years of grass persist between the first (corn) and last year (kale/cowpea) crop components and
will affect crop performance. An improvement will be considered a decrease in BD, and an
increase in the following: DA-GMD, WA-GMD, SOM, pH, STP, STK, STCa, STMg, STZn,
TotN, corn biomass, and cowpea biomass.
Soil physical properties (physical health) improve with the inclusion of a three year grass
component into the organic rotation, and the improvement is measurable at the end of the third
year of grass.

4-yr:

7-yr:

Figure 1a. Comparison of like-crop components between rotations to determine effect of
temporary grass component and manure application.
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4-yr:

7-yr:

Figure 1b. Comparison of first (corn) and last (kale) crop component within each rotation to
determine the effect of crop and manure application.

7-yr:

Figure 2. Transition from cropping cycle (K = kale) into orchardgrass component (OG), and then
from OG to cropping cycle (C= corn).
MATERIALS AND METHODS
Site Description
The study was conducted at the West Virginia University Certified Organic Farm
(39.647502° N, 79.93691° W) in Morgantown, WV, USA. The weather conditions are
transitional between a humid subtropical and humid continental climate, with mean air
temperature in January of -0.27°C, mean air temperature in July of 23° C, and mean annual
precipitation of 1063mm. Weather data for years under study (2012, 2013, and 2014) can be
found in the Results and Discussion section in Table 2. The elevation in this area is between
243.8-475.2m (NOAA, 2006).
Soils in the study area are classified as Culleoka-Westmoreland (CwE), Dormont and
Guernsey (DgB, DgC, DgD), or Tilsit (TlB) silt loams (Table 1). Figure 3 presents the spatial
layout of the experimental plots and the soil map units. All soils in the area are silt loams
between 3-25% slope, 1.0-5.0% SOM, and 1.20-1.60 Mg/m3 BD, with an average pH of 5.4
(Web Soil Survey, 2012). More detailed soil property information may be found in Appendix A,
Table A1.
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Table 1. Taxonomic Classification of Soil Series in Experimental Area
Soil Series
Culleoka-Westmoreland (CwE)
Dormont and Guernsey (DgB, DgC, DgD)
Tilsit (TlB)

Taxonomic Classification
Fine-loamy, mixed, active, mesic Ultic Hapludalfs
Fine-loamy, mixed, superactive, mesic Oxyaquic Hapludalfs
Fine-silty, mixed, semiactive, mesic Typic Fragiudults

Rotation Experiments Description
An existing crop rotation experiment that included two cycles was used to fulfill the
objectives of this study. The two rotation cycles were established in the year 2000, and will be
referred to in this document as the 4-yr rotation and the 7-yr rotation. Maps and cycleillustrations of the rotations may be found in Appendix A, Table A2a and A2b. The 4-yr rotation
consisted of continuous four year duration crop rotation, and the 7-yr rotation consisted of seven
year duration rotation, four crops followed by three years of orchardgrass. Related to the rotation
composition, in both rotations, corn (Zea mays L.) was followed by soybeans (Glycine max L.),
which were followed by wheat (Triticum aestivum L.). The last established crops in the rotation,
were a combination of kale (Brassica oleracea L.) and cowpeas (Vigna unguiculata L.). Kale
was fall-seeded as a cover crop, and harvested in early summer, followed in the same year by
cowpeas which covered these plots for the summer. After the kale/cowpea crop, the plots
assigned to the 4-yr rotation were seeded to rye (Secale cereale) and vetches (Vicia villosa L.) as
a winter cover crop until the corn, the first crop in the rotation, was planted the following spring.
Following the summer cowpeas, the plots assigned to the 7-yr rotation were seeded to an
orchardgrass (Dactylis glomerata L.) and red clover (Trifolium pratense L.) mixture and left
untilled for three years. In summary, the 4-yr rotation consisted of a four year duration crop
rotation corn (C), soybean (S), wheat (W), kale/cowpea (K), and the 7-yr rotation consisted of a
seven year duration rotation, four crops (CSWK) followed by three years of orchardgrass. In
Appendix A, Table A3, please find varieties of all crops planted, including relative percentages
of the orchardgrass-red clover mixture.
An additional organic input treatment was imposed on the 4-yr and 7-yr rotations. Dry
composted manure was spread just before seeding in May on corn plots, and in September on
wheat plots, onto Manured plots (M) at the amount of 22.5 Mg/ha, or 68kg total N. Unmanured
plots (U) received no manure. Soybean, kale, and orchardgrass rotation components received no
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Figure 3. Spatial distribution of the soil map units and rotation study plots are separated by
blocks. Soil series are presented in different colors: CwE (light green), DgB (light blue), DgC
(mauve), DgD (periwinkle), and TlB (pink). Plots within Block 1 are shown in lime green, Block
2 in blue, and Block 3 in magenta.
manure. Manure composition was determined each year, and in 2011 contained 31.9kg/ton N,
7.0kg/ton P, and 28.2kg/ton K. Values for manure added in 2012, 2013, and 2014 are available,
but in Appendix A, Table A4, laboratory analysis information is available for manure
composition added from 2008-2011. These data are not available for the two years soil samples
were taken, but the available data provide the compositional range of this material.
The agronomic management for the rotations is described in the following paragraph.
Manured plots were manured with a manure spreader, rototilled, and disked to a depth of 10cm,
and seeded the following day to corn, wheat or rye-vetch. Wheat, orchardgrass/red clover, and
kale were fall-seeded, while a rye-vetch cover crop was seeded into the corn plots. In the spring,
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the cover crops (green manure) were disked into the soil, and corn plots were planted. Kale plots,
planted in fall and harvested in the spring, were seeded in spring with cowpeas as a summer
cover crop, and in fall they would be grazed, and then would either be planted to orchardgrass
(7-yr rotation) or rye-vetch before corn (4-yr rotation). They were seeded with a Tye No-Till
Manual Seeder at a rate of 54.9Mg/ha. This was the general seeding rate for the experiment
design, however differences existed between years depending on possible changes in tractor
setting, crop variety or germination. For example, the planting and row distances for corn in
2013 were 0.75m and 1.0m, respectively. This variability should be taken into account when
considering biomass data for both 2013 and 2014.
Grass plots in the 7-yr rotation were grazed by sheep at least once but no more than twice
during the year (Fig. 4) at stocking rates between 5.7 and 6.6 ewes and their lambs/ha for no
more than one or two days at a time. Cowpea plots were also grazed in September to remove
aboveground biomass. No crops in the 4-yr plots were ever grazed. Except for sheep in grass and
cowpea plots, no plots were weeded, manually or otherwise.
The experimental plots were divided into three blocks following previous land-use and
three soil types found within the research area, as shown by Figure 1. Before the rotation
experiment was established in 2000, Block 2 had been cultivated as an apple orchard, and Blocks
1 and 3 were permanent grassland. Crop component and rotation within each block was
randomly assigned; each crop component was represented evenly in each block. Rotation plots in
Blocks 1 and 3 measured 167m2, and plots in Block 2 measured 116m2. The previously
described experimental design resulted in 24 plots assigned to the 4-yr rotation, and 42 plots
assigned to the 7-yr rotation.
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Figure 4. Plots in the 4-yr rotation are shown in green. Plots in the 7-yr rotation are shown in
purple.
Using the previously established crop organic rotation, two experiments were designed to
test the study’s hypotheses and fulfill objectives cited in previous sections.
Experiment I
Experiment I was designed to address Objective 1: “ to measure differences in soil
physical properties and biomass between first and last crop components of two rotation cycles
subjected to two levels of composted manure input” (sub-objectives i, ii). Measurements were
made in the 4-yr rotation and the 7-yr rotation to evaluate soil physical properties and biomass
(compare like-crop components and manured to unmanured plots). The hypothesis was that three
years of grass in the 7-yr rotation will significantly improve soil physical properties in
experimental plots: this improvement would be indicated by a decrease in BD, an increase in DA
and WA-GMD, an increase in SOM and plant available nutrients, and an increase in biomass.
For this experiment, properties measured included surface bulk density (0-5cm), aggregate
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stability (0-5cm), 0-10cm soil organic matter (SOM), 0-10cm bioavailable nutrients, 0-10cm pH,
and crop biomass.
The experiment was designed as a randomized complete block design with three factors.
The three factors studied were rotation (two levels: “7-yr = with”, and “4-yr = without” grass
component), composted manure level (two levels: manured and un-manured), and crop
component (two levels: first (corn) and last (kale) year crop component) with three blocks/reps.
Experimental data were analyzed using analysis of variance (ANOVA). Analysis of variance
(ANOVA) was performed with PROC GLM procedure in SAS 9.2 (SAS Institute Inc., 2009).
Means separation among treatments was determined by least significant difference (LSD).
Although an alpha (α) level of 0.05 is traditional, 0.1 was used for this experiment; this α was
selected because it is increasingly used in agricultural sciences as the standard for field sampling
experiments (Stoddard et al., 1998).
Experiment II
Experiment II was designed to address Objective 2, “to determine changes in soil
physical properties and biomass in the transition from crops to grass component, and from grass
to crops in the 7-yr rotation, subjected to two levels of composted manure input” (sub-objectives
i, ii). This experiment was performed specifically on the 7-yr rotation (with grass component).
The hypothesis tested was that soil physical properties improved within the 7-yr rotation due to
and after the grass component was introduced into the rotation. The hypothesis was that soil
quality would improve due to the transition from the crops to the grass component, and that this
effect would be reversed during the transition from the grass component into the first year of the
cropping cycle. An improvement in soil quality would be indicated by a decrease in BD, an
increase in DA and WA-GMD, an increase in SOM and plant available nutrients, and an increase
in biomass.
The approach used to test the hypothesis was to measure soil properties in the last crop
component of the rotation (kale/cowpea plots) and compare them to year 1 of the grass
component, and then to perform a separate comparison of year 3 of orchardgrass to the first crop
component (corn).
Properties measured were the same as measured in Experiment 1: surface bulk density (05cm), aggregate stability (0-5cm), 0-10cm soil organic matter (SOM), 0-10cm bioavailable
nutrients, pH, and biomass.
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The experiment was designed as a randomized complete block design with two factors.
The tests performed compared two factors: crops (last year of grass vs first crop of the
rotation/corn, and last crop of the rotation/kale vs first year of grass) and composted manure level
(two levels: manured and unmanured), with three blocks/reps. Experimental data were analyzed
using analysis of variance (ANOVA). Analysis of variance (ANOVAs) was performed with
PROC GLM procedure in SAS 9.2 (SAS Institute Inc., 2009). Means separation among
treatments was determined by least significant difference (LSD). Although an alpha (α) level of
0.05 is traditional, 0.1 was used for this experiment; this α was selected because it is increasingly
used in agricultural sciences as the standard for field sampling experiments (Stoddard et al.,
1998).
Data Collection and Analysis
Soil Sampling
Data collection was performed between April and October 2013/2014. Soil quality
indicators were sampled between April and May of both 2013 and 2014. Soil quality indicator
variables measured were surface bulk density (0-5cm), aggregate stability (0-5cm), 0-10cm
stratified bioavailable nutrients and SOM (0-10cm depth), pH, and biomass.
Soil sampling was performed following a standard sampling strategy between years: five
sampling points were randomly selected in each plot with the objective of acquiring a
representative sample of the whole plot surface. The following soil samples were taken at each
selected plot sampling point: a) two intact cores were sampled, one for surface bulk density (05cm) (Uhland, 1949); b) one intact soil core was obtained for surface aggregate stability wet and
dry (0-5cm) (Yoder, 1936; Diaz-Zorita, et al., 2002); c) composite soil sample composed of five
0-10cm soil cores per point were taken with an oakfield sampler, and cut in segments (0-5 and 510), the combined stratified pieces were dried, ground, sieved to a size of <2mm, and analyzed
for bioavailable nutrients (total N, P, K, Ca, Mg, Zn), pH and SOM.
Soil Sample Processing: Methodology and Analysis

Soil Bulk Density: Intact soil cores for soil bulk density were taken in the field with the
Uhland sampler (Uhland, 1949) at a depth of 0-5 cm, and transported to the laboratory. Soil
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cores were weighed at field moisture. The intact soil cores were oven-dried, and re-weighed to
calculate dry bulk density, using Equation 1:
𝜌=

𝑆𝑜𝑖𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
⁄𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3 )

Eq 1.

Aggregate Stability: Aggregate stability was measured using a second intact core
sampled with the Uhland sampler (Uhland, 1949). Samples were gathered at the same time under
the same field conditions. After being weighed in an aluminum plate, the sample was placed in a
brown paper bag and allowed to dry at room-temperature (21.1°C) for approximately 48hrs.
Equations used to calculate mean weight diameter (MWD) and geometric mean diameter (GMD)
are provided below (Eq. 2 & 3).
a) Dry aggregate stability: The sample was broken by the drop-shatter method (DiazZorita et al., 2002), shaken in a Fritsch Analysette 3 shaker for 30 seconds at an
amplitude of 2mm. Soil was shaken through six nested sieves of the following sizes:
16mm, 8mm, 4mm, 2mm, 1mm, and 500 microns.
b) Wet aggregate stability: The 4-8mm size fraction obtained from the aggregate
stability processing was weighed, and separated for wet-sieving by the Yoder method
(Yoder, 1936) at approximately 18 oscillations per minute, with a submergence time
of approximately 2 seconds for a total of five minutes.
𝑀𝑊𝐷 = ∑𝑛𝑖=1 𝑥𝑖
̅ 𝑤𝑖

Eq. 2

where 𝑥𝑖
̅ = the mean diameter of each size fraction and 𝑤𝑖 = the proportion of the total sample
weight occurring in the size fraction “i”.
𝐺𝑀𝐷 =

̅̅̅̅)
𝑒𝑥𝑝[∑𝑛𝑖=1 𝑤𝑖 log(𝑥𝑖
⁄∑𝑛
]
𝑖=1 𝑤𝑖

Eq. 3

Geometric Mean Diameter (GMD) and Mean Weight Diameter (MWD) are
aggregate stability indices calculated from collected and processed field samples. GMD was the
index selected to be discussed for the results of this study. Geometric Mean Diameter was
selected because of its higher sensitivity to the ANOVA analysis performed, and its accurate
representation the experimental data. Mean Weight Diameter (MWD) values for results can be
found in Appendix B of this document.
Bioavailable nutrients, pH and soil organic matter (SOM): After obtaining the stratified
samples in the field, the composite samples were oven-dried at 105°C for 24h, ground, and
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sieved. Soil organic matter and total nitrogen were determined with the dry combustion methodLECO (Nelson and Sommers, 1996; LECO, 2003). Bioavailable nutrients (P, K, Ca, Mg, and
Zn) were extracted with Mehlich 3 extraction (Mehlich, 1984). Soil pH was measured in a 1:1
soil water solution (Kalra, 1995).
Biomass Sampling, Methodology, and Analysis
Aboveground crop biomass was sampled between August and October 2013 and 2014 at
harvest time (full maturity). Biomass sampling method was specific for each crop. Biomass
sampling method was selected based on the crop to be sampled: corn, cowpea, or orchardgrass.
Corn biomass was sampled in late October 2013 and 2014. Plots were planted to six corn
rows, with an average distance of 0.75m between rows in 2013, and 1m in 2014. For the corn
component biomass sampling, the border effect was accounted for by not sampling 1.5 m at the
beginning, and 1.5 the end of each row, and by eliminating two perimeter/external rows on each
side. Ten meters of the two center rows were selected for biomass sampling. For these rows, a
total plant count was taken (plant density estimation), and from each third of the 10m row, two
whole plants including ears, were harvested (a total of 6 plants per plot). To calculate biomass
per unit area, planting density per unit area was estimated from the area occupied by individual
plants (distance within and between rows). Weeds were also harvested in 2014 to account for
total biomass produced per unit area. The six corn plants per plot were dried at ~60C for 72 hrs.
The ears were separated from the stalks and leaves, and weighed separately. The corn kernels
were separated from the cob. The kernels were weighed and reported as grain yield, while the
cob biomass was added to the stalk and leaf biomass (Eck, 1986).
Cowpea biomass was harvested in September 2013 and 2014. Soil properties were
gathered in kale plots, but because biomass was sampled later in the summer, kale biomass was
not available. Cowpea is the cover crop following kale, and was harvested to represent growing
conditions at the end of the crop component of the rotations. Cowpea rows were planted with an
average row distance of 0.75m. Biomass was measured eliminating boarder effects, as explained
in the previous paragraph. Three random samples were collected per plot using a 0.068m2
quadrat; each sample represented two randomly selected cowpea plants. In the selected
harvesting areas, total above ground biomass was determined by cutting and separating cowpea
plants from weeds. Cowpeas and weeds were dried and weighed separately (Sala & Austin,
2000).
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Orchardgrass plots were planted by broadcasting the seed in the fall, and left in the field
for three full years. Orchardgrass biomass was estimated using the falling plate meter technique
(Rayburn &Rayburn, 1998). Height on the measuring-stick of the falling plate was given in cm
(Harmoney et al., 1997). Heights were taken at twenty locations along a transect down the center
of each grass plot, and heights were averaged to estimate mean height for each plot. These
measurements were made before and after two annual grazing events (in July and October). In
2013, for two of the twenty locations per plot were randomly selected and aboveground biomass
was harvested using a 0.068m2 rectangular quadrat. Using the grass height and biomass
measurements, a regression calibration curve relating height to biomass was built (Appendix A,
Figure A1.) The experimentally obtained height-biomass calibration (Equation 6) was used to
estimate the biomass for 20 randomly selected points per plot:
Estimated Biomass (kg ha-1) =193.29 *[Measured Height in cm] – 39.57

Eq.6

RESULTS
Weather Description
Precipitation and temperature data for 2012, 2013 & 2014 are provided below, in Table 2.
Table 2. Summary of temperature, precipitation and growing degree days (GDD) for 2012- 2014.
Year
Variables

2012

2013

2014
(until 10/23/14)

Total Annual Precipitation (mm)

898.4

1045.5

932.9

Average Annual Temperature (°C)

13.3

11.9

12.9

Annual Maximum Temperature (°C)

19.0

17.0

18.7

Annual Minimum Temperature (°C)

7.5

6.9

7.2

Total GGD

2095.0

1950.8

1893.1

Total Precipitation Corn Growing Season (mm)

401.6

609.6

591.8

Corn GGD

1809.4

1679.2

1738.6

General Description
Soil and biomass variables were taken for two years: 2013 and 2014. Considering
changes in weather conditions between 2013 and 2014, the associated effects on tillage quality
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(affecting macro-aggregation) and biomass production, and slight management differences
discussed in the Discussion section, data from 2013 and 2014 were analyzed separately.
Overall 2013 means for physical, chemical, and biomass variables measured for the
experimental plots included in Experiments 1 and 2 are provided in Appendix B, Table B1a and
b. These values are for all three soil series, management histories (for which the blocks were
used) included in the experiment, and all treatments (manured, unmanured, 4-yr rotation, 7-yr
rotation). These values are generally within the normal range of values for silt-loam agricultural
soils (Appendix A, Table A1).
All Overall Mean values in the following paragraph are for the year 2013. Overall Bulk
Density (BD) values ranged from 0.91 to 1.48Mg/m3. Soil Organic Matter (SOM) values ranged
from 2.3% to 7.6%. Overall GMD dry aggregate stability (DA-GMD) values ranged from 1.3 to
11.2 mm. Wet GMD aggregate stability (WA-GMD) values ranged from 0.7 to 6.2mm.
Overall phosphorus (P) values ranged from 2.0 to 218.5mg/kg. Potassium (K) values
ranged from 37.0 to 368.5mg/kg. Soil pH values ranged from 3.4 to 6.8. Overall calcium (Ca)
values ranged from 176.0 to 4670.0mg/kg. Overall magnesium (Mg) values ranged from 45.0 to
336.0mg/kg. Zinc (Zn) values ranged from 0.5 to 24.7mg/kg. Soil Organic Matter (OM) values
ranged from 1.1 to 8.4%. Total nitrogen (N) values ranged from 0.6 to 4.3g/kg.
2013 cowpea biomass (measured as the summer cover crop following the kale crop
component) ranged from 1.5-3.2Mg/ha. For 2013, corn biomass values are not provided due to
problems with corn stand and germination.
Overall 2014 means for physical, chemical, and biomass variables measured for the
experimental plots included in Experiments 1 and 2 are also generally within the normal range of
values for silt-loam agricultural soils (Appendix A, Table A1).
All values in the following paragraph are for the year 2014. Overall Bulk Density (BD)
values ranged from 0.97 to 1.42Mg/m3. Soil Organic Matter (SOM) values ranged from 1.1% to
8.7%. Overall GMD dry aggregate stability (DA-GMD) values ranged from 1.5 to 3.0 mm. Wet
GMD aggregate stability (WA-GMD) values ranged from 1.1 to 5.8mm.
Overall phosphorus (P) values ranged from 1.0 to 246.0mg/kg. Potassium (K) values
ranged from 29.0 to 462.0mg/kg. pH values ranged from 5.5 to 7.7. Overall calcium (Ca) values
ranged from 640 to 4680mg/kg. Overall magnesium (Mg) values ranged from 37.0 to
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311.0mg/kg. Zinc (Zn) values ranged from 0.6 to 31.8mg/kg. Total nitrogen (N) values ranged
from 0.7 to 4.4g/kg.
Corn biomass values will not be discussed on an “area” basis, but in a “plant by plant”
basis. Uncontrollable management issues created uncorrectable mistakes in estimating biomass
on an area basis, although treatment means may be compared without significance. Overall stalk
biomass by plant averaged 176.1g  35.3. Mean ear mass was 152.8g  51.0. Mean kernel mass
by plant was 115.8g  36.0. Total biomass per plant (stalks, cobs, and kernels) was 315.7g 
69.9. 2014 cowpea biomass was measured on a per-plant basis as total biomass (stalks, leaves,
ears, and kernels), and ranged from 253g-436g. 2014 cowpea biomass ranged from 1.7-2.3
Mg/ha.
EXPERIMENT I:
2013 Within-Rotation Effect of Manure and Crop on Physical and Chemical Quality

In the next section, the effect of manure and crop within rotation on 2013 soil physical
property values [bulk density (BD), dry geometric mean diameter aggregation (DA-GMD), wet
geometric mean diameter aggregation (WA-GMD), and soil organic matter at 0-10cm depth
(SOM)] will be discussed (Table 3).
Stratified bioavailable nutrients discussed, for the depths 0-5 and 5-10cm, are pH, soil
organic matter (SOM), soil test phosphorus (STP), soils test potassium (STK), soil test calcium
(STCa), soil test magnesium (STMg), soil test zinc (STZn), and total nitrogen (TotN) (Tables 5,
6, 7, and 8).

Manure effect within rotation type (4-yr and 7-yr)

In 2013, surface bulk density (BD) values were statistically significantly affected by
composted manure addition regardless of rotation. In both rotations, plots receiving composted
manure exhibited significantly lower bulk density than plots receiving no composted manure
(Table 3). Within rotation, dry aggregate stability (DA-GMD) and wet aggregate stability (WAGMD) showed the same behavior: values were significantly larger in crops planted in the 4-yr
rotational cycle not receiving composted manure, as shown below in Table 3. No significant
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difference was observed between manured and unmanured plots in the 7-yr cycle. In 2013, SOM
values (average from 0-10cm) were significantly affected by composted manure addition in both
the 4-yr and the 7-yr rotation cycle (Table 3). In both rotations, plots receiving composted
manure exhibited significantly higher SOM than plots receiving no composted manure.
In the 4-yr rotation cycle soil pH values were significantly affected by composted manure
addition at all depths (Table 4). In all cases, soil pH was higher in manured plots than in
unmanured plots. The same was found to be true for stratified soil organic matter (SOM). In this
study it was observed that regardless of rotation cycle or crop, there was a significant effect of
manure application on the 0-10cm bioavailable P, K, Ca, Mg, Zn, and total nitrogen (Tables 712). In all cases where a significant difference was found, nutrients were higher in manured plots
than in unmanured plots.

Crop effect within rotation type (4-yr and 7-yr)

In 2013, no significant effect of crop was observed on bulk density in either rotational
cycle. Dry and wet aggregate stability showed the same behavior: values were significantly
higher in corn plots than in kale plots, but this difference was only significant in 7-yr plots. No
significant effect of crop was found on DA-GMD or WA-GMD in 4-yr plots (Table 3). The main
effect of crop on SOM within rotation was statistically significant regardless of rotation cycle. In
both the 4-yr and 7-yr plots, corn plot SOM was significantly higher than that of kale plots.
A significant effect of crop was only found on pH at the surface (0-5cm) in the 7-yr corn
plots; the measured pH was higher in the corn plots than in the kale plots. Regardless of rotation,
corn plots show a higher stratified SOM content than kale plots. Within the 4-yr and 7-yr
rotations, all nutrients responded positively to manure application. Within rotation, the effect of
crop is significant on many nutrients; values in corn plots are significantly higher than those in
kale plots (Table 7). Regardless of rotation, corn plots exhibited statistically significant higher
STZn and TotN than kale (Table 7).
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Interactions within rotation type (4-yr and 7-yr) between manure and crop

There is a highly significant interaction between manure and crop on bulk density values
in the 4-yr rotation: the effect of manure on corn was higher than on kale. No interaction was
present for BD values in the 7-yr rotation. A significant interaction between manure and crop
was also found for DA-GMD values. The interaction was observed in 7-yr plots, but not in 4-yr
plots. No interaction was found between manure and crop for wet aggregate stability.
For pH, an interaction was observed between manure and crop in 4-yr plots at the 0-10cm
depth, but not in the 7-yr plots. For stratified SOM, an interaction was observed between manure
and crop in 4-yr plots, but not in 7-yr plots. Soil test P (STP) and soil test K (STK) between 010cm showed an interaction between manure application and crop studied (corn or kale) for the
4-yr rotation; however no interaction was observed for the 7-yr rotation (Table 6). For soil test
calcium (STCa), an interaction between manure application and crop was found for the 4-yr
rotation; however the interaction was only observed for the 7-yr rotation at the 5-10cm depth
(Table 6). The 4-yr rotation shows a high-magnitude interaction effect of crop and manure on
measured zinc (STZn) and nitrogen (TotN); at all depths unmanured corn and kale plots had a
similar TotN and STZn, but significant differences were observed when the corn and kale plots
were manured. No interactions were observed for the 7-yr rotation, regardless of crop.
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Table 3: Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2013 soil physical quality indicators
Rotation 4-yr
2013 Variables

BD
Mg/m3

DA-GMD
mm

M
U

1.09b  0.68
1.22a  0.93

3.6b 1.5
4.6a  1.6

3.7a  0.8
2.6b  1.2

3.9a  1.3
2.7b  0.7

1.15b  0.10
1.24a  0.11

5.3a  1.2
6.4a  2.1

4.7a  1.1
4.6a  0.9

4.9a  1.5
3.2b  1.0

C
K

1.17a  1.22
1.14a  0.75

3.9a  1.6
4.3a  1.7

3.2a  1.4
3.0a  0.9

3.5a  1.4
3.1b 0. 9

1.13a 0.10
1.14a  0.09

5.1a  1.5
4.3b  2.4

4.9a  0.7
2.6b  0.8

3.7a  1.5
3.5b  0.9

C*M
K*M
C*U
K*U

1.10  0.10
1.20  0.10
1.30  0.10
1.20  0.10

3.3  1.7
3.9  1.3
4.6  1.2
4.6  2.0

3.9  0.8
3.5  0.7
2.5  1.4
2.6  0.9

4.4  1.4
3.4  1.1
2.6  0.7
2.8  0.7

1.10  0.10
1.10  0.10
1.10  0.10
1.20  0.10

5.4  1.9
3.4  2.2
4.8  1.0
2.3  1.3

5.0  0.5
2.8  0.8
4.9  0.8
2.5  0.8

4.0  1.5
3.7  1.0
3.5  1.3
3.3  0.8

Grand Mean

1.16  0.10

4.1  1.7

3.1  1.1

3.3  1.2

1.19  0.11

5.8  2.1

4.6  1.2

3.6  1.3

Manure

Crop

Manure*Crop

WA-GMD
Mm

Rotation 7-yr
SOM
%

BD
Mg/m3

DA-GMD
mm

WA-GMD
mm

SOM
%

Pr>F
Pr>F
Block
0.0642
<.0001
0.2150
0.0367
0.7736
<.0001
0.0391
0.1550
Manure
<.0001
0.0050
<.0001
<.0001
0.0694
0.1537
0.5412
0.0694
Crop
0.1536
0.2709
0.6039
0.0083
0.7252
0.0734
<.0001
0.0221
Manure*Crop
0.0004
0.3802
0.3402
0.0003
0.5157
0.0040
0.5952
0.7334
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
BD=Bulk Density; DA-GMD=Dry aggregate geometric mean diameter; WA-GMD=Wet aggregate geometric mean diameter; SOM (0-10cm) = Soil organic
matter; M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

Table 4. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2013 stratified soil pH (KCl) and soil organic matter
(SOM).
2013

Rotation 4-yr
pH (KCL)
SOM (%)
0-5cm
5-10cm
0-5cm
5-10cm

Composted Manure

Rotation 7-yr
pH (KCl)
SOM (%)
0-5cm
5-10cm
0-5cm
5-10cm

M
U

5.8a  0.3
5.0b  0.4

5.8a  0.3
5.0b  0.4

4.9a  1.0
3.3b  0.6

4.4a  0.8
2.7b  0.6

5.9a  0.3
5.2a  0.5

5.8a  0.4
5.1a  0.5

5.4a  0.1
4.1b  0.8

4.0a  0.8
3.3b  0.7

C
K

5.4a  0.7
5.4a  0.4

5.4a  0.6
5.4a  0.4

4.4a  0.1
3.8b  0.7

3.7a  0.6
3.4b  0.7

5.6a  0.3
5.4b  0.5

5.3a  0.4
5.3a  0.6

5.3a  0.9
4.1b  0.7

3.8a  0.8
3.5b  0.8

C*M
K*M
C*U
K*U

6.0 0.2
5.7 0.3
4.8 0.5
5.1 0.2

6.0 0.2
5.7 0.2
4.9 0.4
5.1 0.2

5.6 0.7
4.2 0.6
3.3 0.7
3.4 0.4

4.9 0.6
3.9 0.6
2.5 0.7
2.9 0.5

5.7 0.2
5.5 0.2
5.5 0.4
5.4 0.7

5.5 0.3
5.4 0.3
5.1 0.4
5.4 0.7

5.7 0.9
4.4 0.6
4.9 0.8
3.7 0.6

3.7 0.8
3.9 0.9
3.2 0.8
3.8 0.7

Grand Mean

5.4  0.6

5.4  0.5

4.1  1.1

3.5  1.1

5.6  0.5

5.4  0.6

4.7  1.2

3.7  0.8

Crop

Manure*Crop

Pr>F
Block
0.0127
<.0001
0.0106
0.0186
0.5107
0.0877
0.1796
Composted Manure
<.0001
<.0001
<.0001
<.0001
0.1090
0.1298
0.0007
Crop
0.7811
0.5072
<.0001
0.0443
0.0681
0.6181
<.0001
Manure*Crop
0.0009
0.0005
<.0001
<.0001
0.7148
0.1298
0.9960
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

0.0292
0.0923
0.0735
0.3825
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Table 5. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2013 stratified soil test phosphorus (STP) and soil test
potassium (STK).
2013

Rotation 4-yr
STP (mg/kg)
STK (mg/kg)
0-5cm
5-10cm
0-5cm
5-10cm

Rotation 7-yr
STP (mg/kg)
STK (mg/kg)
0-5cm
5-10cm
0-5cm
5-10cm

Composted Manure
M

96.7a  64

88.0a  63

201a  76

160.6a  56

70.8a  32.3

45.4a  20.4

175.4a  55.2

123.4a  38.0

U

19.7b  11.2

16.7b  10.1

111b  26

83.2b  22.8

26.2b  25.6

16.7b  14.9

129.4b  41.8

91.0b  27.6

C
K

86.9 a  71.7
29.6 b  20.8

78.2 a  70.3
26.5 b  18.8

186 a  88
126b 32.8

136.3a  72.4
107.4b 33.1

72.9 a  32.4
24.5 b  10.1

37.5a  23.0
20.5b  9.0

188.3a  70.2
125.8b  35.2

118.4a  55.1
96.5b  22.7

C*M
K*M
C*U
K*U

150 45.5
44.0 20.6
24.2 13.5
15.2 5.6

137 52.9
39.4 18.0
19.9 11.8
13.5 7.0

258 64
144 30
114 27
108 25

193 58.7
128 28.3
79.6 22.4
86.7 23.5

81.9 27.6
30.2 9.7
63.9 35.2
18.9 6.9

44.1 17.2
24.6 10.1
30.9 26.7
16.5 5.6

211.6 78.6
142.4 36.7
164.9 53.4
109.2 25.2

144 61.0
105 18.0
92.4 33.6
88.5 24.5

Grand Mean

58.2  59.8

52.3  57.3

156  72.5

121.9  57.6

48.7  36.6

31.1  22.9

152.6  54.0

107.3  36.9

0.1536
0.0155
<.0001
0.5707

0.9150
0.0199
0.0003
0.5698

0.0001
0.0011
<.0001
0.5623

0.0113
0.0005
0.0207
0.0561

Crop

Manure*Crop

Pr>F
Block
Composted Manure
Crop
Manure*Crop

<.0001
<.0001
<.0001
<.0001

0.0003
<.0001
<.0001
<.0001

0.6388
<.0001
<.0001
<.0001

0.8789
<.0001
0.0038
0.0004

*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; L=Unmanured plots; C=Corn; K=Kale.
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Table 6. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2013 stratified soil test calcium (STCa) and soil test
magnesium (STMg).
2013

Rotation 4-yr
STCa (mg/kg)
STMg (mg/kg)
0-5cm
5-10cm
0-5cm
5-10cm

Composted
Manure

Rotation 7-yr
STCa (mg/kg)
STMg (mg/kg)
0-5cm
5-10cm
0-5cm
5-10cm

M
U

2164a  571
1481b  636

2204a  613
1549b  607

159a  33.4
113b  36.2

155a  30.3
107b  36.2

2285a  538
1662b  521

2184a  599
1655b  601

172.9a  42.8
144.8a  42.5

149.9a  42.1
125.6a  45.5

C
K

1939a  843
1707b  483

2016a  803
1737b  531

137a  44.2
135a  38.7

132.2a  41.7
129.7a  40.8

1930a  454
1750b  593

1777a  569
1777a  680

174.5a  35.2
153.1a  38.7

130.4b  34.5
142.5a  40.0

Manure*Crop
C*M
K*M
C*U
K*U

2442 455.9
1887 549.1
1436 849.7
1527 336.5

2493 459.9
1915 623.5
1540 797.9
1559 355.9

165.2 34.6
152.0 30.5
108.7 33.7
117.8 39.2

160.9 30.3
149.2 29.2
103.4 30.2
110.3 42.1

2142 428
1811 488
1735 394
1688 695

2043 572
1770 460
1498 429
1783 864

148.8 37.6
130.9 25.2
112.1 18.1
154.1 49.0

124.4 37.7
112.6 27.6
87.9 17.8
130.1 44.5

Grand Mean

1822.7  691

1876.6  689

135.9  41.2

131.0  40.9

1975.8  613

1920.9  654

158.9  44.6

137.9  45.3

Crop

Pr>F
Block
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0457
Composted Manure
<.0001
<.0001
<.0001
<.0001
0.0193
0.0386
0.4966
Crop
0.0241
0.0071
0.7721
0.7355
0.0913
0.9599
0.0164
Manure*Crop
0.0021
0.0041
0.1227
0.1988
0.2004
0.0303
0.0034
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; L=Unmanured plots; C=Corn; K=Kale.

0.0122
0.4205
0.1555
0.0008
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Table 7. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2013 stratified soil test zinc (STZn) and total nitrogen
(TotN).
2013

Rotation 4-yr
STZn (mg/kg)
TotN (g/kg)
0-5cm
5-10cm
0-5cm
5-10cm

Composted Manure

Rotation 7-yr
STZn (mg/kg)
TotN (g/kg)
0-5cm
5-10cm
0-5cm
5-10cm

M
U

5.9a  2.4
2.3b  1.4

5.5a  2.4
2.2b  1.8

2.7a  0.5
1.7b  0.3

2.4a  0.4
1.2b  0.3

5.6a  1.8
3.5b  2.9

4.2a  1.5
2.9b  2.6

2.9a  0.6
2.2b  0.4

2.2a  0.4
1.8b  0.3

C
K

4.8a  3.2
3.3b  1.5

4.6a  3.3
3.1b  1.6

2.3a  0.8
2.0b  2.0

1.9a  0.8
1.9a  1.9

6.1a  3.7
3.3b  1.0

4.1a  3.6
3.0a  1.0

2.8a  0.4
2.2b  0.3

1.9a  0.4
1.9a  0.3

C*M
K*M
C*U
K*U

7.5 1.7
4.2 1.7
2.2 1.9
2.4 0.6

7.0 1.9
4.0 1.8
2.2 2.5
2.3 0.6

3.1 0.4
2.3 0.3
1.6 0.3
1.8 0.2

2.6 0.3
2.1 0.3
1.3 0.4
1.6 0.2

5.7 1.2
3.3 0.6
6.4 5.2
3.2 1.4

3.8 1.2
2.9 0.7
4.4 5.0
3.1 1.3

3.0 0.4
2.3 0.3
2.6 0.4
2.0 0.3

2.1 0.4
2.1 0.3
1.8 0.4
1.9 0.3

Grand Mean

4.1  2.6

3.9  2.6

2.2  0.7

1.9  0.6

4.6  2.6

3.6  2.2

2.5  0.6

2.0  0.4

Crop

Manure*Crop

Pr>F
Block
0.0257
0.1300
0.0091
0.0042
0.3431
0.1664
0.1751
Composted Manure
<.0001
<.0001
<.0001
<.0001
0.6927
0.6143
0.0003
Crop
0.0002
0.0026
0.0001
0.3093
0.0003
0.1102
<.0001
Manure*Crop
<.0001
0.0022
<.0001
<.0001
0.6033
0.7802
0.8312
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

0.0931
0.0142
0.5883
0.4483
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2013 Between-Rotation Effect of Manure and Rotation on Physical and Chemical Quality,
and Biomass
In this section, the effect of manure and rotation within crop and between rotations on
2013 soil physical property values will be discussed: bulk density (BD), dry geometric mean
diameter aggregation (DA-GMD), wet geometric mean diameter aggregation (WA-GMD), and
soil organic matter at 0-10cm depth (SOM) (Table 4). Stratified bioavailable nutrients discussed,
for the depths 0-5 and 5-10cm, are pH, soil organic matter (SOM), soil test phosphorus (STP),
soils test potassium (STK), soil test calcium (STCa), soil test magnesium (STMg), soil test zinc
(STZn), and total nitrogen (TotN) (Tables 9, 10, 11, 12). The effects of manure and rotation on
2013 cowpea biomass measurements are discussed below (Table 14). Due to germination
problems and inconsistency with the 2013 corn stand, these data are omitted in the discussion.
Statistical analyses were not able to be performed on these data, as means for treatments were
not representative due to poor emergence, plant damage, and weed domination.
The rotation design included the planting of cowpea as a summer cover crop after kale
was harvested in the spring. Due to the planting of cowpeas after the kale harvest in spring, in
this experiment cowpea biomass was selected as indicator of the productivity of the “kale” plots.
The cowpea crop was allowed to grow in summer, and was harvested in September 2013 and
2014. Weeds and cowpeas were harvested to assess the overall productivity of the plots. The
sampling performed in this study separates weeds biomass from cowpeas biomass.

Manure effect between rotation type (4yr and 7-yr)

In 2013, BD values were significantly affected by manure addition in the first crop of the
rotation (corn) and in the last crop of the rotation (kale) (Table 8). In both crops, plots receiving
composted manure exhibited significantly lower bulk density than plots receiving no composted
manure. Dry aggregate stability (GMD) values were significantly larger in kale plots not
receiving composted manure than those receiving composted manure, regardless of rotation type.
No significant difference was observed between manured and unmanured corn plots (Table 8).
Regardless of crop, wet aggregate stability (WA-GMD) was greater in plots receiving composted

manure than in plots receiving no manure. Soil organic matter (SOM) values were significantly
higher in manured corn and kale plots than in unmanured plots (Table 8).
Soil pH values between 0-10cm in depth were significantly affected by composted
manure addition, regardless of crop (Table 9). In all cases, soil pH was higher in manured plots
than in unmanured plots. All nutrients at all depths (except STCa at the 5-10cm depth, STMG at
all depths, and Tot N (0- 5cm) were statistically affected by manure application regardless of
crop; higher manure application corresponded to higher nutrient in the soil (Tables 9, 10, 11, 12).
Cowpea biomass and total biomass (weeds + cowpeas) were significantly affected by
manure application (Table 14). Manured plots had greater biomass values than unmanured plots.

Rotation effect between rotation type (4yr and 7-yr) within crop component

A significant effect of rotation cycle on bulk density was observed in the corn plots, but
not in kale plots. Corn plots in the 7-yr cycle had significantly lower bulk density than corn plots
in the 4-yr cycle (Table 8). DA-GMD was significantly higher in the 7-year rotation corn plots,
compared to the 4-year corn plots. No significant effect of rotation cycle was observed in kale
plots. Rotation had a statistically significant effect on wet aggregate stability for corn and kale
plots. Wet aggregate stability was significantly higher in the 7-year rotation cycle corn plots than
7-yr kale plots, while the opposite was true for kale plots (Table 8). A significant effect of
rotation cycle on SOM (0-10cm depth) was observed in the kale plots, but not in corn plots. Kale
plots in the 7-yr cycle had significantly higher SOM than kale plots in the 4-yr cycle.
For pH, a significant effect of rotation was only observed in the surface depth (0-5cm) in
corn, indicating that on average the soil pH was significantly higher in 7-yr plots (pH=5.6) than
in the 4-yr plots (pH=5.4). When comparing stratified SOM between the first and last crop of the
rotation, a significant effect of rotation was observed at the 0-5cm depth for the corn plots, and at
all depths for kale. Soil test phosphorus (STP) (0-10cm depth) was statistically significantly
higher in the 4-yr rotation than in the 7-yr rotation (Table 10). Soil test potassium (STK) (510cm) was also statistically significantly higher in the 4-yr rotation than in the 7-yr rotation. A
significant effect of rotation was only observed at the 5-10cm depth in corn plots for Soil test
calcium (STCa) (Table 11). In these plots, STCa was statistically significantly higher in the 4-yr
plots than in the 7-yr plots. A significant effect of rotation on STMg was observed regardless of
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crop, but only at the 0-5cm depth. In both cases, 7-yr STMg values were higher than those in the
4-yr rotation. There was no significant effect of rotation on STZn (0-10cm) and TotN (5-10cm)
in corn or kale. However there was a significant effect of rotation on TotN (0-5cm) regardless of
crop; in both cases the 7-yr rotation exhibited higher nitrogen concentration than the 4-yr
rotation. Cowpea biomass, weed biomass, and total biomass (weeds + cowpeas) were not
significantly affected by rotation (Table 14).

Interactions between manure and rotation type within crop component

There is a highly significant interaction between manure and rotation only for corn; the
effect of not applying manure resulted in a higher BD in the 4-yr rotation than in the 7-yr
rotation. An interaction for DA-GMD was observed between manure and rotation in corn plots,
but not in kale plots (Table 8). For corn, a decrease in DA-GMD with increase in manure rate
was observed in the 7-yr rotation, while the opposite was observed for the 4-yr rotation. An
interaction was observed for WA-GMD between manure and rotation in corn plots, but not in
kale plots. Although no main effect of rotation was observed on SOM for corn, an interaction
was observed between manure and rotation. Kale plots did not show any interaction between
manure and rotation (Table 8).
An interaction was observed between manure and rotation on soil pH and SOM in corn
and kale plots at all depths (Table 9). An interaction was observed between manure and rotation
regardless of crop for STP (0-10cm). This interaction revealed that although the STP was higher
in manured plots in the 4-yr rotation, STP was higher in the unmanured plots for the 7-yr
rotation. STK for corn (0-10 cm) and for kale (5-10cm) exhibited the same statistically
significant interaction as the one previously described. A significant effect of block was observed
on STCa values in corn and kale plots at all depths. An interaction was observed between
manure and rotation in corn plots at the 0-5cm and 5-10cm depths. An interaction was observed
between manure and rotation for STMg, but only in kale plots (Table 11). Manure by rotation
interaction was observed for STZN (0-10cm) and TotN (5-10cm) regardless of the crop (Table
12). No interaction was observed for TotN (0-5cm) for kale. Neither an interaction nor an effect
of block was observed between rotation and manure for cowpea biomass values (Table 14).
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Table 8: 2013 Between-Rotations main effects of manure and rotation (4-yr and 7-yr) on soil physical quality indicators under the first
(corn) and last (kale) crop component of the rotation.
Corn
2013 Variables

Kale

BD
Mg/m3

DA-GMD
mm

WA-GMD
mm

SOM
%

BD
Mg/m3

DA-GMD
mm

WA-GMD
mm

SOM
%

M
U

1.09b 0.09
1.21a 0.10

4.3a  2.1
4.7a 1.07

4.4a  0.9
3.7b  1.7

4.2a  1.5
3.1b  1.2

1.11b 0.07
1.17a  0.09

3.7b  1.8
5.0a  2.2

3.1a  0.8
2.6b  0.9

3.6a  1.0
3.1b  0.8

4-yr
7-yr

1.17a 0.12
1.13b 0.10

3.9b  1.6
5.1a  1.5

3.2b  1.4
4.9a  0.7

3.5a  1.4
3.7a  1.5

1.14a  0.08
1.14a  0.09

4.3a  1.7
4.4a  2.4

3.0a  0.9
2.7b  0.8

3.1b  1.0
3.5a  0.9

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

1.10 0.10
1.10 0.10
1.30 0.10
1.10 0.10

3.3  1.7
5.4  1.9
4.6  1.2
4.8  1.0

3.9  0.8
5.0  0.5
2.5  1.4
4.9  0.8

4.4  1.4
4.0  1.5
2.6  0.7
3.5  1.3

1.10 0.10
1.10 0.10
1.20 0.10
1.20 0.10

3.9  1.3
3.4  2.2
4.6  2.0
5.3  2.3

3.5  0.7
2.8  0.8
2.6  0.9
2.5  0.8

3.4  1.1
3.7  1.0
2.8  0.7
3.3  0.8

Grand Mean

1.15  0.11

4.5  1.7

4.0  1.4

3.6  1.5

1.14  0.08

4.3  2.06

2.8  0.9

3.3  1.0

Manure

Rotation Cycle

Pr>F
Pr>F
Block
0.3812
<.0001
0.2893
0.1688
0.5589
<.0001
0.0821
0.0160
Manure
<.0001
0.3169
0.0047
<.0001
0.0084
0.0039
0.0069
0.0001
Rotation
0.0925
0.0005
<.0001
0.2345
0.8365
0.8938
0.0464
0.0026
Manure*Rotation
0.0010
0.0039
0.0128
0.0007
0.7919
0.1776
0.1259
0.2073
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
BD=Bulk Density; DA-GMD=Dry aggregate geometric mean diameter; WA-GMD=Wet aggregate geometric mean diameter; SOM (0-10cm) = Soil organic
matter; M=Manured plots; U=Unmanured plot.

Table 9. Main effects of manure and rotation (4-yr and 7-yr) on stratified 2013 stratified soil pH (KCl) and soil organic matter (SOM)
under the first (corn) and last (kale) crop component of the rotation.
2013

Corn
pH (KCL)
0-5cm
5-10cm

Composted Manure

Kale
SOM (%)
0-5cm
5-10cm

pH (KCl)
0-5cm
5-10cm

0-5cm

SOM (%)
5-10cm

M
U

5.9a  0.2
5.2b  0.6

5.7a  0.3
5.0b  0.4

5.7a  0.8
4.1b  1.2

4.3a  0.9
2.9b  0.8

5.6a  0.2
5.2b 0.5

5.5a  0.3
5.2b 0.6

4.3a  0.6
3.6b  0.5

3.9a  0.7
3.3b  0.7

4-yr
7-yr

5.4b 0.7
5.6a  0.3

5.4a  0.6
5.3a  0.4

4.5b  1.4
5.3a  0.9

3.7a  1.4
3.5a  0.8

5.4a  0.4
5.4a  0.4

5.4a  0.4
5.4a  0.6

3.8b  0.7
4.1a  0.7

3.4b  0.7
3.8a  0.8

M*4-yr
M*7-yr
U*4-yr
U*7-yr

6.0  0.2
5.7  0.2
4.8  0.5
5.5  0.4

6.0  0.2
5.5  0.3
4.9  0.4
5.2  0.4

5.7  0.7
5.7  0.9
3.3  0.7
4.9  0.9

4.9 0.6
3.7 0.8
2.5 0.7
3.2 0.8

5.7 0.3
5.5 0.2
5.1 0.2
5.4 0.7

5.7 0.2
5.4 0.3
5.1 0.2
5.4 0.7

4.2 0.6
4.5 0.7
3.4 0.4
3.8 0.6

3.9 0.6
3.9 0.9
2.9 0.5
3.8 0.7

Grand Mean

5.5  0.6

5.4  0.5

4.9  1.3

3.6  1.1

5.4  0.4

5.4  0.5

3.9  0.7

3.6  0.8

Rotation Cycle

Manure*Rotation

Pr>F
Block
0.2774
0.2975
0.0827
0.0272
0.0041
0.0314
0.0005
Composted Manure
<.0001
<.0001
<.0001
<.0001
0.0004
0.0058
<.0001
Rotation Cycle
0.0104
0.3319
<.0001
0.2335
0.4796
0.8797
0.0096
Manure* Rotation
<.0001
0.0001
0.0001
<.0001
0.0237
0.0058
0.6231
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

0.0562
0.0023
0.0123
0.0293

Table 10. Main effects of manure and rotation (4-yr and 7-yr) on 2013 stratified soil test phosphorus (STP) and soil test potassium
(STK) under the first (corn) and last (kale) crop component of the rotation.
2013

Corn
STP (mg/kg)
0-5cm
5-10cm

Composted Manure
M
U

Kale
STK (mg/kg)
0-5cm
5-10cm

STP (mg/kg)
0-5cm
5-10cm

STK (mg/kg)
0-5cm
5-10cm

115.9a  50.5
44.1b 33.0

90.3a  60.8
25.4b  21.0

234.8a  74.5
139.3b  49.1

169a  63.8
86.0b 28.8

37.1a 17.3
17.0b  6.4

32.0a 16.2
15.0b 6.4

143a 32.9
108b 24.7

116.3a 26.2
87.6b  23.6

86.9a  72
72.9b  32

78.2a  70
37.5b  23

185.8a  88
188.3a  70

136.3a 72
118.4a 55

29.6a 21
24.5b 10

26.5a 19
20.5b 9

125.6a 33
125.8a 35

107.4a 33
96.5b 23

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

149.5  45.5
81.9  27.6
24.2  13.5
63.9  35.2

136.5 52.9
44.1  17.2
19.9  11.8
30.9  26.7

257.9  64.5
211.6  78.6
113.6  26.9
164.9  53.4

193 58.7
144 61.0
79.6  22.4
92.4  33.6

44 20.6
30.2 9.7
15.25.6
18.9 6.9

39.4 18.0
24.6 10.1
13.5 7.0
16.5 5.6

144 30.0
142 36.7
108 25.1
109 25.2

128 28.3
105 18.0
86.7 23.5
88.5 24.5

Grand Mean

79.9  55.6

57.8  55.7

187  78.9

127  64.4

27.1  16.4

23.5  14.9

126  33.7

102  28.6

Rotation Cycle
4-yr
7-yr

Pr>F
Block
0.0777
0.1629
0.0025
0.0010
<.0001
<.0001
0.0005
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Rotation Cycle
0.0933
<.0001
0.8577
0.1052
0.0599
0.0141
0.9726
Manure* Rotation
<.0001
<.0001
0.0009
0.0065
0.0016
0.0004
0.8253
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

0.0048
<.0001
0.0603
0.0303
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Table 11. Main effects of manure and rotation (4-yr and 7-yr) on stratified 2013 soil test calcium (STCa) and soil test magnesium
(STMg) under the first (corn) and last (kale) crop component of the rotation.
2013

Corn
STCa (mg/kg)
0-5cm
5-10cm

Composted Manure
M
U

Kale
STMg (mg/kg)
0-5cm
5-10cm

STCa (mg/kg)
0-5cm
5-10cm

STMg (mg/kg)
0-5cm
5-10cm

2292a  460
1585b  668

2268a  559
1519b 630

178.0a 36
133.5b 40.2

154.9a 34
107.7b 24.9

1849a 512
1608b 542

1843a 543
1671a 659

147a 30.3
141a 47.2

140a 28.4
132a 50.1

4-yr
7-yr

1938.7a  843
1938.4a  454

2016.1a 802
1770.4b 569

137b 44.2
174.5a 35

132.2a 41.7
130.4a 34.5

1707a 483
1750a 593

1737a 531
1777a 680

135b 38.7
153a 39

130a 40.8
143a 40

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

2442455.9
2142 428.0
1436 849.7
1735 393.7

2493 460
2043 572
1540 798
1498 429

165.2 34.6
190.8 33.2
108.7 33.7
158.3 29.9

161 30.3
149 37.6
103 30.2
112 18.1

1887 549
1811 488
1527 337
1688 695

1915 624
1770 460
1559 356
1783 864

152 31
143 30
118 39
163 44

149.2 29.2
130.9 25.2
110.3 42.1
154.1 49.0

1939 671

1893 701

155.8 43.9

131 38.0

1728 537

1757 605

144 39.4

136 40.6

Rotation Cycle

Grand Mean

Pr>F
Block
<.0001
<.0001
0.0107
0.0022
<.0001
<.0001
<.0001
Composted Manure
<.0001
<.0001
<.0001
<.0001
0.0170
0.1599
0.3994
Rotation Cycle
0.9982
0.0441
<.0001
0.8059
0.6637
0.7434
0.0266
Manure* Rotation
0.0162
0.0925
0.1381
0.1443
0.2310
0.1311
0.0011
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

0.0003
0.3572
0.1393
0.0006
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Table 12. Main effects of manure and rotation (4-yr and 7-yr) on 2013 stratified soil test zinc (STZn) and total nitrogen (TotN) under
the first (corn) and last (kale) crop component of the rotation.
2013

Corn
STZn (mg/kg)
0-5cm
5-10cm

Composted Manure

Kale
TotN (g/kg)
0-5cm
5-10cm

STZn (mg/kg)
0-5cm
5-10cm

TotN (g/kg)
0-5cm
5-10cm

M
U

6.6a  1.7
4.3b  4.4

5.4a  2.2
3.3b  4.0

3.0a  0.4
2.1b  0.6

2.4a  0.5
1.5b  0.4

3.8a  1.3
2.8b  1.1

3.5a  1.4
2.7b  1.1

2.3a  0.3
1.9a  0.2

2.1a  0.3
1.8b  0.3

4-yr
7-yr

4.9a  3.2
6.1a  3.7

4.6a  3.3
4.1a  3.6

2.3b 0.8
2.8a 0.4

2.0a  0.8
1.9a  0.4

3.3a  1.5
3.3a  1.0

3.1a  1.6
3.0a  1.0

2.0b  0.3
2.2a  0.3

1.9a  0.4
2.0a  0.3

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

7.5  1.7
5.7  1.2
2.2  1.9
6.4  5.2

7.0 1.9
3.8 1.2
2.2 2.5
4.4 5.0

3.1 0.4
3.0 0.4
1.6 0.3
2.6 0.4

2.6 0.3
2.1 0.4
1.3 0.4
1.8 0.4

4.2 1.7
3.3 0.6
2.4 0.6
3.2 1.4

4.0 1.8
2.9 0.7
2.2 0.6
3.1 1.3

2.3 0.3
2.3 0.3
1.8 0.2
2.0 0.3

2.1 0.3
2.1 0.3
1.7 0.2
1.9 0.3

Grand Mean

5.45 3.5

4.4 3.4

2.6 0.7

1.9 3.5

3.3 1.3

3.1 1.3

2.1 0.3

1.9 0.3

Rotation Cycle

Pr>F
Block
0.1591
0.1365
0.1902
0.0634
0.0310
0.1616
0.0004
Composted Manure
0.0033
0.0078
<.0001
<.0001
0.0018
0.0110
<.0001
Rotation Cycle
0.1173
0.5308
<.0001
0.8414
0.8579
0.7035
0.0313
Manure* Rotation
0.0002
0.0010
<.0001
<.0001
0.0045
0.0028
0.3037
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

0.0151
<.0001
0.1416
0.0207
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Table 14. Effect of the 2013 manure and rotation treatments on cowpea and weed biomass.
Variables

Cowpea Biomass

Weed Biomass
Mg ha-1

Total Biomass

M
U

3.21a  1.15
1.57b  1.02

5.84a  2.44
3.66a  1.31

9.05a  2.44
4.97b  1.83

4-yr
7-yr
Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

2.91a  1.36
1.93a  1.25

4.25a  1.36
5.25a  2.84

7.16a  2.57
6.86a  3.56

3.70  1.34
2.71  0.89
2.12  0.96
0.75  0.34

4.93  1.02
6.75  3.37
3.57  1.48
3.75  1.43

8.63  2.14
9.47  3.13
5.69  2.34
4.25  1.17

Manure

Rotation

4.75  2.19
7.01  2.96
Pr>F
Block
0.7730
0.7352
0.9061
Manure
0.0511
0.1418
0.0355
Rotation
0.1487
0.4702
0.8483
Manure*Rotation
0.7665
0.5479
0.4808
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the 
symbol are the standard deviation. M=Manured plots; U=Unmanured plots.
Grand Mean

2.46  1.35

2014 Within-Rotation Effect of Manure and Crop on Physical and Chemical Quality

In 2014, soil property behavior was similar to that measured in 2013, although the
magnitude of these properties differed slightly. In the next section, 2014 soil physical properties
bulk density (BD), dry geometric mean diameter aggregation (DA-GMD), wet geometric mean
diameter aggregation (WA-GMD), and soil organic matter at 0-10cm depth (SOM) will be
discussed within the 4-yr and 7-yr rotations (Table 15). Stratified bioavailable nutrients
discussed for the depths 0-5 and 5-10cm are pH, soil organic matter (SOM), soil test phosphorus
(STP), soils test potassium (STK), soil test calcium (STCa), soil test magnesium (STMg), soil
test zinc (STZn), and total nitrogen (TotN) (Tables 17, 18, 19, and 20).

Manure effect within rotation type (4-yr and 7-yr)
2014 surface bulk density values were statistically significantly affected by composted
manure addition independent of rotation type. Plots receiving composted manure exhibited

significantly lower bulk density (Table 15). Dry aggregate stability (DA-GMD) values were not
affected by addition of manure in either rotation. Wet aggregate stability (WA-GMD) values
were not significantly affected by addition of manure in 4-yr plots, but were significantly larger
in manured plots in the 7-yr rotation (Table 15). As was found in 2013, 2014 SOM values were
significantly affected by composted manure addition. In both rotations, plots receiving
composted manure exhibited significantly higher SOM than plots receiving no composted
manure.
In the 4 and 7-yr rotation cycles, pH and stratified SOM were both significantly affected
by composted manure addition at all depths (Table 16). In all cases, soil pH and SOM were
higher in manured plots than in unmanured plots. As was found for the year 2013, 2014 Soil test
phosphorus values (STP), in 4-yr and 7-yr plots were significantly affected by composted
manure addition at all depths. Soil test phosphorus was higher in manured plots than in
unmanured plots. For the 4-yr and 7-yr rotation plots, STK was statistically significantly higher
in manured plots than in unmanured plots. Soil test calcium (STCa) and soil test magnesium
(STMg) between 0-10cm behaved very similarly to pH and SOM. As measured in 4-yr and 7-yr
plots, STCa values were significantly affected by composted manure addition at all depths (Table
19). Soil test calcium and STMg were higher in manured plots than in unmanured plots. Soil test
Zinc and TotN values from 0-10cm were statistically affected by manure application for both
rotations (Table 19). In all cases, the nutrients were significantly higher in manured plots than in
unmanured plots.

Crop effect within rotation type (4-yr and 7-yr).

A significant effect of crop was observed on bulk density regardless of rotation cycle
(Table 15). Similarly to the year 2013, in 2014 a significant effect of crop was observed on DAGMD in both the 4-yr and 7-yr rotation cycles. Corn plots showed higher dry GMD than kale
plots (Table 15). Wet GMD was significantly higher in the 4-year rotation kale than in the corn
plots. No significant effect of crop was observed in the 7-year plots. 2014 SOM values were
significantly affected by crop (corn or kale) in both the 4-yr and the 7-yr rotation cycle (Table
15). Corn plots in the 7-yr rotation exhibited statistically significantly higher SOM than kale
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plots. However kale plots had significantly higher SOM values than corn plots in the 4-yr
rotation (Table 15).
A significant effect of crop was found only at the 5-10cm depth for pH. In this case, soil
pH values were higher in kale plots than in corn plots. No significant effect of crop was found on
pH in the 7-yr rotation. Stratified soil organic matter (SOM) was significantly higher in kale
plots than in corn plots in the 4-yr rotation, but in the 7-yr rotation, the opposite was true: SOM
values in corn plots were significantly higher than in kale plots (Table 16). Soil test potassium
was significantly higher in 4-yr kale plots than in 4-yr corn plots, but in the 7-yr rotation STP
was significantly higher in corn plots (Table 17). Similarly to 2013 results, a significant effect of
first or last crop in the rotation was also found at all depths regardless of rotation. Soil test
potassium (STK) was higher in corn plots than in kale plots in both rotations (Table 17). An
effect of crop was observed on STCa, but not on STMg. In 4-yr plots, STCa values were
significantly higher in kale plots than in corn plots, but in the 7-yr rotation STCa values were
higher in corn plots than in kale plots. A significant effect of crop was also observed on both
STZn and TotN. In the 4-yr rotation, these nutrient values were higher in kale plots than in corn
plots. In the 7-yr rotation STZn and TotN were significantly higher in corn plots than in kale
(Table 19).

Interactions between manure and crop within rotation type (4-yr and 7-yr).

A significant interaction was observed between manure and crop on BD in the 4-yr
rotation: manure corn and kale had similar BDs, however when the plots were manured, corn
plots experienced a significant decrease in BD as compared to kale plots. This interaction was
not observed for the 7-yr plots. An interaction was observed for DA-GMD between manure and
crop in both rotations. A significant effect of block was observed in 7-yr plots for WA-GMD, but
no interaction between manure and crop was observed. An interaction between manure and crop
in the 4-yr plots was observed on SOM values, but not in 7-yr plots.
An interaction was observed for pH between manure and crop at all depths in 7-yr plots,
and for stratified SOM in 4-yr plots at all depths. Interactions were observed between manure
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and crop at all depths for STP, regardless of rotation. Interactions were observed for STK
between manure and crop in 7-yr plots at the 5-10cm depth, and in 4-yr plots at 0-5cm and
5-10cm depths. A significant effect of block was observed on STCa and STMg in both rotations
at all depths. No interaction was observed between manure and crop. An interaction was found
between manure and crop on measured zinc and nitrogen; at all depths unmanured corn and kale
plots had a similar TotN and STZn, but significant differences were observed when the corn and
kale plots were manured.
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Table 15. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2014 soil physical quality indicators
Rotation 4-yr
2014 Variables

Rotation 7-yr

BD
Mg/m3

DA-GMD
Mm

WA-GMD
mm

SOM
%

BD
Mg/m3

DA-GMD
mm

WA-GMD
mm

SOM
%

M
U

1.20b 0.10
1.30a 0.10

2.4a  0.3
2.3a  0.3

4.5a  0.6
4.3a  1.0

4.2a  3.1
2.8b  0.8

1.10b 0.10
1.30a  0.70

2.3a  0.2
2.3a  0.2

5.1a  0.6
3.9b  1.3

4.3a  1.5
3.1b  0.8

C
K

1.30a 0.10
1.20b 0.10

2.6a  0.2
2.1b  0.3

4.9 a  0.9
3.8b 0.7

3.9a  0.9
3.1b  1.4

1.20a  0.70
1.20a  0.10

2.4a  0.2
2.2b  0.2

4.6a  1.0
4.4a  1.0

3.9a  1.2
3.5b 1.1

C*M
K*M
C*U
K*U

1.20 0.10
1.10 0.10
1.30 0.10
1.30 0.10

2.5  0.2
2.2  0.3
2.6  0.2
2.0  0.3

3.9  0.8
5.0  0.4
3.7  0.9
4.8  1.0

3.5  1.2
4.9  1.9
2.6  0.6
2.9  0.9

1.10 0.10
1.10 0.10
1.30 0.40
1.20 0.10

2.4  0.2
2.3  0.1
2.5  0.2
2.1  0.2

5.0  0.8
5.2  0.4
4.2  1.1
3.7  1.5

4.6  1.6
4.0  1.5
3.2  0.8
2.9  0.8

Grand Mean

1.20  0.10

2.3  0.3

4.4  0.8

3.5  1.2

1.20  0.09

2.3  0.2

4.5  0.5

3.7  1.2

Manure

Crop

Manure*Crop

Pr>F
Pr>F
Block
<.0001
0.0007
0.5892
<.0001
0.0086
0.6663
0.0377
0.0050
Manure
<.0001
0.1638
0.4049
<.0001
<.0001
0.7349
<.0001
<.0001
Crop
0.0031
<.0001
<.0001
<.0001
0.0845
<.0001
0.4522
0.0100
Manure*Crop
0.0007
0.0146
0.8611
0.0021
0.7922
0.0003
0.1225
0.4263
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
BD=Bulk Density; DA-GMD=Dry aggregate geometric mean diameter; WA-GMD=Wet aggregate geometric mean diameter; SOM (0-10cm)=Soil organic
matter; M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

Table 16. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2014 stratified soil pH (KCl) and soil organic matter
(SOM).
2014

Rotation 4-yr
pH (KCL)
SOM (%)
0-5cm
5-10cm
0-5cm
5-10cm

Composted Manure

Rotation 7-yr
pH (KCl)
SOM (%)
0-5cm
5-10cm
0-5cm
5-10cm

M
U

7.2a  0.2
6.4b  0.4

7.2a  0.4
6.4b  0.3

5.6a  1.0
3.4b  0.6

4.6a  0.9
2.9b  0.7

7.1a  0.2
6.3b  0.2

7.2a  0.2
6.2b  0.3

5.8a  0.9
3.7b  0.6

4.6a  0.8
3.2b  1.2

C
K

6.8a  0.3
6.8a  0.3

6.7b  0.4
6.8a  0.3

3.8b  0.6
5.1a  1.0

3.3b  0.5
4.1a  1.0

6.8a  0.2
6.6a  0.2

6.7a  0.3
6.6a  0.2

5.1a  0.8
4.4b  0.8

4.1a  0.6
3.6b  1.5

C*M
K*M
C*U
K*U

7.1  0.2
7.2  0.1
6.5  0.3
6.5  0.4

7.1  0.4
7.2  0.3
6.3  0.4
6.4  0.2

4.5  0.9
6.5  1.2
3.0  0.4
3.6  0.8

3.8 0.6
5.3 1.2
2.5 0.5
2.9 0.9

7.3  0.2
7.0  0.2
6.2  0.2
6.3  0.2

7.3  0.2
7.0  0.2
6.2  0.3
6.2  0.2

6.2 0.9
5.4 0.9
3.9 0.7
3.5 0.6

4.9 0.7
4.2 0.8
3.3 0.5
3.0 0.6

Grand Mean

6.8 0.3

6.8 3.3

4.5 0.9

3.7 0.8

6.7 0.2

6.7 0.2

4.8 0.8

3.9 0.9

Crop

Manure*Crop

Pr>F
Block
0.0110
0.0002
<.0001
<.0001
0.3480
0.9583
<.0001
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
0.5530
0.0594
<.0001
<.0001
0.0434
0.2086
0.0002
Manure*Crop
0.5030
0.7736
0.0006
<.0001
0.0018
0.0107
0.3986
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

0.0015
<.0001
0.0091
0.3019
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Table 17. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2014 stratified soil test phosphorus (STP) and soil test
potassium (STK).
2014

Rotation 4-yr
STP (mg/kg)
STK (mg/kg)
0-5cm
5-10cm
0-5cm
5-10cm

Composted Manure

Rotation 7-yr
STP (mg/kg)
STK (mg/kg)
0-5cm
5-10cm
0-5cm
5-10cm

M
U

116a 34.7
14.3b 5.7

92.4a 38
11.0b 4.7

212a 52
68b 22

160.6a 44
83.2b 23

71.6a 16.4
12.4b 5.2

45.1a 16.0
9.6b 4.2

261.7a 60.3
167.2b 40.8

164.8a 44
96.0b 23

C
K

40.2b 14
90.2a 26

30.0b 13
73.3a 29

155a 39
125b 35

136.3a 81
107.4b 52

57.3a 12
28.3b 9.4

36.0a 12
19.6b 8.1

268.6a 60
163.7b 41

181.3a 46
82.3b 41

C*M
K*M
C*U
K*U

72.9 25.1
59.2 44.2
7.5 3.1
21.1 8.3

53.7 23.8
31.0 51.3
6.3 2.7
15.7 6.7

239 46
185 58
72 31.6
65 12.5

193.0 58.7
128.1 28.3
79.57 22.4
86.7 23.5

99.9 18.0
43.3 14.8
11.6 6.4
13.2 3.9

61.2 19.5
29.1 12.4
9.1 4.5
10.1 3.8

311.7 68.0
211.7 52.5
222.4 60.1
115.7 21.5

227.5 59.0
102.1 29.0
131.9 33.7
62.5 12.3

Grand Mean

65.2 20.2

51.7 21.1

140 37

121.9 33.2

42.5 21.6

27.7 10.1

215.2 50.6

131.0 33.5

Crop

Manure*Crop

Pr>F
Block
0.0255
0.0822
0.2213
0.2584
0.9517
0.5508
0.0354
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
<.0001
<.0001
0.2065
0.0055
<.0001
<.0001
<.0001
Manure*Crop
<.0001
<.0001
0.0823
0.0267
<.0001
<.0001
0.8539
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

0.0739
<.0001
<.0001
0.0040
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Table 18. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2014 stratified soil test calcium (STCa) and soil test
magnesium (STMg).
2014

Rotation 4-yr
STCa (mg/kg)
0-5cm
5-10cm

Composted
Manure

STMg (mg/kg)
0-5cm
5-10cm

Rotation 7-yr
STCa (mg/kg)
STMg (mg/kg)
0-5cm
5-10cm
0-5cm
5-10cm

M
U

2321a  574
1284b  345

2322a  648
1340b  365

202a  37.0
114b  32.8

188.2a 36.4
111.1b 42.7

2403a  299
1358b  359

2298a381
1346b346

213.8a  36.7
131.2b  42.4

192.2a  42
118.4b  43.7

C
K

1729b  514.3
1876a  404.5

1778a  543.7
1885a  469.5

160.6a  39.1
155.7a  30.7

149.1a 40.0
150.1a 39.1

2120a  380
1666b  378

2029a449
1638b277

173.4a  42.5
173.0a  36.6

152.0a  48.5
159.7a  37.3

Manure*Crop
C*M
K*M
C*U
K*U

2049 639.5
2593 508.5
1409 389.0
1159 300.5

2068 651.9
2577 643.9
1487 435.4
1193 294.7

204.8 37.3
199.3 36.6
116.4 40.9
112.1 24.7

183.9 29.5
192.5 43.3
114.4 50.5
107.7 34.8

2745 302
2061 295
1452 459
1270 260

2569 486
2027 277
1450 413
1250 279

209.3 34.1
218.3 39.2
135.0 50.8
127.7 33.9

179.7 44.9
204.7 39.1
122.3 52.0
114.7 35.4

Grand Mean

1802 459.4

1831 506.5

158.2 34.9

149.6 39.5

1889 329

1830 364

173.2 42.9

155.9 42.9

Crop

Pr>F
Block
<.0001
<.0001
0.0028
0.0193
<.0001
<.0001
0.0001
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
0.0434
0.1789
0.5597
0.9223
<.0001
<.0001
0.9002
Manure*Crop
<.0001
<.0001
0.9398
0.4423
0.0004
0.0406
0.3823
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

0.0009
<.0001
0.3723
0.1176
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Table 19. Within-rotations (4-yr and 7-yr) main effects of manure and crop on 2014 stratified soil test zinc (STZn) and total nitrogen
(TotN).
2014

Rotation 4-yr
STZn (mg/kg)
TotN (g/kg)
0-5cm
5-10cm
0-5cm
5-10cm

Composted Manure

Rotation 7-yr
STZn (mg/kg)
TotN (g/kg)
0-5cm
5-10cm
0-5cm
5-10cm

M
U

9.2a  4.6
2.3b  0.8

8.2a  4.8
2.0b  0.7

2.9a  0.5
1.8b  0.3

2.5a  0.5
1.6b  0.4

6.9a  2.0
2.5b  0.6

5.6a  2.0
2.2b  0.5

3.1a  0.4
2.0b  0.3

2.5a  0.5
1.7b  0.2

C
K

4.3b  1.5
7.1a  3.9

3.8b  1.2
6.4a  4.3

2.1b  0.3
2.6a  0.5

1.9b  0.4
2.1a  0.5

5.5a  1.5
4.0b  1.0

4.3a  1.6
3.5b  1.0

2.8a  0.3
2.3b  0.4

2.3a  0.3
2.0b  0.3

C*M
K*M
C*U
K*U

6.5  2.5
11.8  6.6
2.2  0.4
2.4  1.1

5.6  2.0
10.9  7.5
2.0  0.4
2.0  1.0

2.5  0.4
3.3  0.5
1.7  0.1
1.9  0.4

2.2  0.3
2.7  0.6
1.7  0.4
1.5  0.3

8.5 2.6
5.3 1.3
2.3 0.4
2.7 0.7

6.5 2.8
4.7 1.2
1.9 0.3
2.4 0.7

3.4 0.4
2.8 0.4
2.0 0.2
1.9 0.3

2.8 0.5
2.3 0.4
1.7 0.1
1.7 0.2

5.7 2.7

5.1 2.7

2.4 0.4

2.0 0.4

4.7  1.3

3.9  1.3

2.5 0.3

2.1 0.3

Crop

Manure*Crop

Grand Mean

Pr>F
Block
0.0002
0.0004
<.0001
<.0001
0.0106
0.0408
0.0001
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
0.0010
0.0053
<.0001
0.0162
0.0003
0.0735
<.0001
Manure*Crop
0.0027
0.0047
0.0002
0.0002
<.0001
0.0053
0.0024
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots; C=Corn; K=Kale.

0.0168
<.0001
0.0033
0.0168
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2014 Between-Rotation Effect of Manure and Rotation on Physical and Chemical Quality,
and Biomass

In 2014, soil property behavior was similar to that measured in 2013, although the
magnitude of these properties differed slightly. In the next section, 2014 soil physical properties
will be discussed between the 4-yr and 7-yr rotations: bulk density (BD), dry geometric mean
diameter aggregation (DA-GMD), wet geometric mean diameter aggregation (WA-GMD), and
soil organic matter at 0-10cm depth (SOM) (Table 20).Stratified bioavailable nutrients discussed
for the depths 0-5 and 5-10cm are pH, soil organic matter (SOM), soil test phosphorus (STP),
soils test potassium (STK), soil test calcium (STCa), soil test magnesium (STMg), soil test zinc
(STZn), and total nitrogen (TotN) (Tables 21, 22, 23, and 24).
In 2014, corn rows were planted at a greater distance (0.9-1.1m) than in 2013 (0.750.8m). Additionally, distance between plants in a row were measured to be highly variable
(ranging from 0.12 to 0.30cm) and mostly toward the low end of this spectrum. This makes
statistical analysis of this data inefficient for performing comparisons within 2014, and together
with 2013 biomass data. Due to the previous experimental issues, the 2014 corn biomass data
were presented on a per-plant basis, and no ANOVA was run on these data. In Table 25 the 2014
mean, standard deviation, and coefficient of variation per treatment for stalk + leaves, ear,
kernel, and total cumulative biomass per corn plant are presented.
2014 cowpea biomass data were also incomplete, due to mismanagement of the “kale”
plots before the pre-established sampling date. Biomass samples were not able to be gathered for
the entire 7-yr treatment, as they were grazed by sheep earlier than expected, and the plant
material was lost. Data available therefore may only be used to compare the manure treatment to
the unmanured treatment within the 4-yr rotation.

Manure effect between rotations, within first and last crop in the sequence.

Similarly to the year 2013, in 2014 manured plots significantly decreased BD regardless
of crop (Table 20). Dry aggregate stability values (DA-GMD) for 2014 were significantly larger
in corn plots not receiving composted manure than those receiving composted manure, as shown

below in Table 20. However, dry aggregate stability was significantly larger in manured kale
plots than unmanured plots. There was significant effect of manure on WA-GMD regardless of
crop. Wet aggregate stability GMD (WA-GMD) values were significantly larger in both corn and
kale plots receiving composted manure than those not receiving composted manure (Table 20).
This observation supports findings from 2013. Statistically significant effects of manure
application were observed on SOM for the first (corn) and the last (kale) crop in the rotations.
SOM values were higher in manured corn and kale plots (Table 20).
In 2014, the main effect of manure on soil pH and SOM was similar to the year 2013. pH
and stratified SOM were higher in manured plots than in unmanured plots (Table 21). As for
2013 data, the nutrients P, K, Ca, Mg, K, Zn, and N were found to be significantly higher in
manured plots than in unmanured plots (Tables 21, 22, 23, and 24).
Corn biomass results suggested that, regardless of rotation cycle, manured corn plot
biomass was consistently higher per plant than unmanured plots (Table 25). Manure application
did not appear to have an effect on cowpea biomass, which may be the consequence of kale plot
mismanagement. However, similar to 2013, weeds are the main component of the total biomass
(Table 26).

Rotation type effect between rotations, within first and last crop in the sequence.

The effect of rotation was observed on BD regardless of crop component: 4-yr rotation
always exhibited significantly higher BD than the 7-yr rotation. In corn plots, DA-GMD was
significantly higher in the 4-year rotation cycle, compared to the 7-year cycle corn plots. No
significant effect of rotation cycle was observed on DA-GMD in kale plots (Table 20). There
was a significant effect of rotation on WA-GMD regardless of crop. Although not significant,
when corn was grown in the 4-yr rotation, WA-GMD was smaller than in corn plots in the 7-yr
rotation. The opposite was observed for kale, although significant differences were observed.
WA-GMD was smaller in the 7-yr rotation than in the 4-yr. A statistically significant effect of
rotation was observed on SOM regardless of crop. Corn plots in the 7-yr cycle had higher SOM,
while kale plots in the 4-yr cycle had significantly higher SOM than kale plots in the 7-yr cycle.
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Only in the kale plots was soil pH at all depths significantly affected by rotation. In these
cases, pH was higher in the 4-yr than in the 7-yr rotation. Soil Organic Matter values were
significantly higher in 7-yr corn plots than in 4-yr corn plots, but in kale plots the trend reversed;
SOM values in 4-yr kale plots were higher than those in 7-yr kale plots. A significant effect of
rotation was found on STP and STK, regardless of crop. Soil test phosphorus (STP) and STK
were significantly higher in 7-yr corn plots than in 4-yr corn plots, but in kale STP and STK
were significantly higher in the 4-yr rotation plots (Table 22).A significant effect of rotation on
STCa was observed regardless of crop; in corn plots, values in the 7-yr rotation were
significantly higher than those in the 4-yr rotation, while in kale plots values in the 4-yr plots
were higher than those in the 7-yr plots. A significant effect of rotation was found on STMg only
in kale plots at the 0-5cm depth. In this case, STMg was significantly higher in 7-yr kale plots
than in 4-yr kale plots (Table 23). There was a significant effect of rotation on STZn (0-10cm)
and TotN (5-10cm) in corn and kale plots. In corn plots, STZn was significantly higher in 7-yr
plots than in 4-yr plots, but only at the surface depth (0-5cm). In kale, STZn values were
significantly higher in the 4-yr rotation than in the 7-yr rotation (Table 24). Total nitrogen in
corn plots was significantly higher in the 7-yr rotation, while in kale plots it was significantly
higher in the 4-yr rotation.
Corn biomass results suggest that 7-yr rotation per-plant-biomass was always (when
holding manure addition constant) higher than that of the 4-yr rotation. The effect of rotation
cycle on 2014 cowpea biomass could not be established with the current biomass observations. It
was not possible to relate the statistically significant effect of manure and/or rotation cycle on
soil quality indicator variables (physical and chemical) to the resulting 2014 biomass production.
The 2014 incomplete biomass information gathered in the field was not adequate to fulfill the
study’s objective to measure differences in biomass between first and last crop components of
two rotation cycles subjected at two levels of composted manure.

Interactions between manure and rotation, within first and last crop in the sequence.

An interaction was observed on bulk density values between manure and rotation in corn
plots on bulk density values; manure application was associated with less of a decrease in BD in
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4-yr rotation than in 7-yr rotation. An interaction was observed between manure and rotation in
kale plots, but not for the corn plots. An interaction was observed between manure and rotation
for pH and SOM at all depths in corn plots and for SOM in kale, however no interaction was
observed for pH in kale. No significant effect of block was observed, except on STK values in
corn plots at the 0-5cm depth. An interaction was observed between manure and rotation at all
depths for both nutrients in kale, and for both at the 0-5cm depth in corn. A significant effect of
block was observed for STCa in both crops at all depths. A high-magnitude interaction was
found between manure and rotation for STCa values. No interaction was observed between
manure and rotation for STMg. Manure by rotation interaction was observed for STZn (0-5cm in
corn plots, and 0-10cm in kale plots) and TotN (0-10cm in corn and kale).
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Table 20. 2014 Main effects of manure and rotation (4-yr and 7-yr) on soil physical quality indicators under the first (corn) and last
(kale) crop component of the rotation.
Corn
2014 Variables

Kale

BD
Mg/m3

DA-GMD
mm

WA-GMD
Mm

SOM
%

BD
Mg/m3

DA-GMD
mm

WA-GMD
mm

SOM
%

M
U

1.17b 0.09
1.30a 0.07

2.4b  0.2
2.6a  0.2

4.4a  0.8
4.0b  1.0

4.1a  1.5
2.9b  0.8

1.10b  0.10
1.30a  0.07

2.2a  0.2
2.0b  0.3

5.1a  0.4
4.3b  1.3

4.5a 1.7
2.9b 0.9

4-yr
7-yr

1.30a 0.10
1.20b 0.07

2.6a  0.2
2.4b  0.2

3.8b  0.9
4.6a  1.0

3.1b  1.9
3.9a  1.2

1.19a  0.10
1.16b  0.07

2.1a  0.3
2.2a  0.2

4.9a  0.7
4.4b  1.0

3.9a 1.4
3.5b 1.1

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

1.20 0.10
1.10 0.10
1.30 0.10
1.30 0.04

2.5  0.2
2.4  0.2
2.6  0.2
2.5  0.2

3.9  0.8
5.0  0.8
3.7  0.9
4.2  1.1

3.5  1.2
4.6  1.6
2.6  0.8
3.2  0.8

1.10 0.10
1.10 0.10
1.30 0.10
1.20 0.04

2.2  0.3
2.3  0.1
2.0  0.3
2.1  0.2

5.0  0.4
5.2  0.4
4.8  1.0
3.7  1.5

4.9  1.9
4.0  1.5
2.9  0.9
2.9  0.8

Grand Mean

1.20 0.09

2.5 0.2

4.2 0.9

3.5  1.1

1.20 0.09

2.1 2.3

4.7 0.8

3.7 1.3

Manure

Rotation Cycle

Pr>F
Pr>F
Block
0.2775
0.0814
0.0743
0.0207
0.0073
0.1352
0.0643
<.0001
Manure
<.0001
0.0392
0.0486
<.0001
<.0001
0.0002
0.0008
<.0001
Rotation
0.0019
0.0485
0.0015
<.0001
0.0661
0.2556
0.0409
0.0156
Manure*Rotation
0.0022
0.3091
0.2778
0.1452
0.6016
0.9956
0.0044
0.0196
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
BD=Bulk Density; DA-GMD=Dry aggregate geometric mean diameter; WA-GMD=Wet aggregate geometric mean diameter; SOM (0-10cm)=Soil organic
matter; M=Manured plots; U=Unmanured plots.

Table 21. Main effects of manure and rotation (4-yr and 7-yr) on stratified 2014 stratified soil pH (KCl) and soil organic matter
(SOM) under the first (corn) and last (kale) crop component of the rotation.
2014

Corn
pH (KCL)
0-5cm
5-10cm

Composted Manure

Kale
SOM (%)
0-5cm
5-10cm

pH (KCl)
0-5cm
5-10cm

0-5cm

SOM (%)
5-10cm

M
U

7.2a  0.2
6.3b 0.3

7.2a  0.2
6.2b 0.3

5.4a  0.9
3.5b 0.6

4.3a  0.6
3.0b  0.5

7.1a  0.2
6.3b 0.3

7.1a  0.2
6.3b 0.2

5.9a  1.1
3.6b  0.8

4.8a  1.0
2.9b  0.8

4-yr
7-yr

6.8a  0.3
6.8a  0.2

6.7a  0.3
6.7a  0.3

3.8b  0.7
5.1a  0.8

3.3b  0.5
4.1a  0.6

6.8a  0.2
6.6b  0.2

6.8a  0.2
6.6b 0.2

5.1a  1.0
4.4b  0.8

4.1a  1.0
3.6b 0.7

M*4-yr
M*7-yr
U*4-yr
U*7-yr

7.1 0.2
7.3 0.2
6.4 0.3
6.2 0.2

7.1 0.3
7.3 0.2
6.3 0.3
6.2 0.3

4.5 0.9
6.2 0.8
3.0 0.4
3.9 0.7

3.8 0.6
4.9 0.8
2.8 0.5
3.3 0.5

7.2 0.1
7.0 0.2
6.4 0.3
6.3 0.2

7.2 0.2
7.0 0.2
6.4 0.2
6.2 0.2

6.6 1.2
5.4 0.9
3.7 0.9
3.4 0.6

5.3 1.2
4.2 0.8
2.9 0.8
3.0 0.6

Grand Mean

6.8 0.2

6.7 0.3

4.5 0.7

3.7 0.6

6.7 0.2

6.7 0.2

4.8 0.9

3.8 0.9

Rotation Cycle

Manure*Rotation

Pr>F
Block
0.1717
0.1972
<.0001
0.0014
0.0032
0.0260
<.0001
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Rotation Cycle
0.9432
0.9523
0.0473
<.0001
0.0085
0.0013
0.0008
Manure* Rotation
0.0088
0.0237
<.0001
0.0581
0.3216
0.9904
0.0198
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

<.0001
<.0001
0.0079
0.0040

Table 22. Main effects of manure and rotation (4-yr and 7-yr) on 2014 stratified soil test phosphorus (STP) and soil test potassium
(STK) under the first (corn) and last (kale) crop component of the rotation.
2014

Corn
STP (mg/kg)
0-5cm
5-10cm

Composted Manure
M
U

Kale
STK (mg/kg)
0-5cm
5-10cm

STP (mg/kg)
0-5cm
5-10cm

STK (mg/kg)
0-5cm
5-10cm

86.4a 21.6
9.5b 4.8

57.5a 21.7
7.6b 3.6

326.3a  57.5
169.8b  50.7

233.2a  52.6
100.7b  32.7

101.3a  29.5
17.2b  6.1

80.0a  31.9
12.9b 5.4

257.7a  60.4
121.2b  22.5

143.5a  43.5
63.9b  12.4

4-yr
7-yr

40.2b 14.1
57.3a 12.2

30.0a 13
36.0a 12

230.8b  44.1
268.6a  64.1

155.2b 38.9
181.3a 46.4

90.2a  26.3
28.3b 9.4

73.3a 29.2
19.6b 8.1

215.2a 45.9
163.7b 37

125.0a  35.3
82.3b 20.7

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

72.9 25.1
99.9 18.0
7.5 3.1
11.6 6.4

53.7 23.8
61.2 19.5
6.3 2.7
9.1 4.5

340.9 46.9
311.7  68.0
120.7 41.2
222.4 60.1

238.9 46.1
227.5 59.0
71.6 31.6
131.9 33.7

159.2 44.2
43.3 14.8
21.1 8.3
13.2 3.9

131.0 51.3
29.1 12.4
15.7 7.0
10.1 3.8

303.7 68.3
211.7 52.5
126.7 23.4
115.7 21.5

184.9 58.0
102.1 29.0
65.2 12.5
62.5 12.3

Grand Mean

48.6 13.2

33.0 12.6

249.4 54.1

168.1 42.6

59.2 17.8

46.5 18.6

189.5 41.4

103.7 28

Rotation Cycle

Pr>F
Block
0.1898
0.4581
0.0097
0.4774
0.1704
0.1504
0.8335
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Rotation Cycle
0.0003
0.2105
0.0108
0.0417
<.0001
<.0001
<.0001
Manure* Rotation
0.0083
0.5873
<.0001
0.0034
<.0001
<.0001
0.0014
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

0.2764
<.0001
<.0001
<.0001
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Table 23. Main effects of manure and rotation (4-yr and 7-yr) on stratified 2014 soil test calcium (STCa) and soil test magnesium
(STMg) under the first (corn) and last (kale) crop component of the rotation.
2014

Corn
STCa (mg/kg)
0-5cm
5-10cm

Composted Manure
M
U

Kale
STMg (mg/kg)
0-5cm
5-10cm

STCa (mg/kg)
0-5cm
5-10cm

STMg (mg/kg)
0-5cm
5-10cm

2397a 470
1430b 423

2318.3a 456
1469.2b 424

207.0a 35.7
125.4b 45.9

181.8a 37.2
118.2b 51.3

2328a 402
1214b 280

2302a 460
1221b 286

209a 37.9
120b 29.3

198.6a 41.2
111.2b 35.1

4-yr
7-yr

1729b 514
2120a 380

1778b 543
2029a 449

160.6a 39.1
173.4a 42.5

149.1a  40
152.0a  48.5

1876a  404
1666b  277

1885a  469
1638b 277

155.7b 31
173.0 a 37

150.1a 39.1
159.7a 34.8

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

2049 639.5
2745 302.0
1409 389.0
1452 458.7

2068 651.9
2569 485.7
1487 435.4
1450 413.4

204.8 37.3
209.3 34.1
116.4 40.9
135.0 50.8

183.9 29.5
179.7.44.9
114.4 50.5
122.352.0

2593 509
2061 295
1159 301
1270 260

2577 644
2027 277
1193 295
1250 279

199 36.6
218 39.2
112 24.7
128 33.9

192.5 43.3
204.7 39.1
107.7 34.8
114.7 35.4

1921 447

1901 496

166.9 40.8

150.5 44.2

1771 341

1761 373

164 33.6

155 38.2

Rotation Cycle

Grand Mean

Pr>F
Block
<.0001
<.0001
0.0004
0.0044
<.0001
<.0001
0.0002
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Rotation Cycle
<.0001
0.0228
0.2252
0.8657
0.0035
0.0030
0.0274
Manure* Rotation
0.0002
0.0060
0.4554
0.5823
<.0001
0.0003
0.8245
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

0.0026
<.0001
0.2903
0.7714
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Table 24. Main effects of manure and rotation (4-yr and 7-yr) on 2014 stratified soil test zinc (STZn) and total nitrogen (TotN) under
the first (corn) and last (kale) crop component of the rotation.
2014

Corn
STZn (mg/kg)
0-5cm
5-10cm

Composted Manure

Kale
TotN (g/kg)
0-5cm
5-10cm

STZn (mg/kg)
0-5cm
5-10cm

TotN (g/kg)
0-5cm
5-10cm

M
U

7.5a  2.6
2.2b  0.4

6.1a  2.4
2.0b  0.4

3.0a  0.5
1.9b  0.2

2.5a  0.4
1.7b  0.3

8.6a  3.9
2.6b  0.9

7.8a  4.4
2.2b  0.9

3.1a  0.5
1.9b  0.4

2.5a  0.5
1.6b  0.3

4-yr
7-yr

4.3b  1.5
5.5a  1.5

3.8a  1.2
4.3a  1.6

2.1b  0.3
2.8a  0.4

1.9b  0.4
2.3a  0.3

7.1a  3.9
4.0b  1.0

6.4a  4.3
3.5b  1.0

2.6a  0.5
2.3b  0.4

2.1a  0.5
2.0b  0.3

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr

6.5 2.5
8.5 2.6
2.2 0.4
2.3 0.4

5.6 2.0
6.5 2.8
2.1 0.4
1.9 0.3

2.5 0.4
3.4 0.5
1.7 0.1
2.0 0.2

2.2 0.3
2.8 0.5
1.7 0.4
1.7 0.1

11.8 6.6
5.3 1.2
2.4 1.1
2.7 0.7

10.9 7.5
4.7 1.2
2.0 1.0
2.4 0.7

3.3 0.5
2.8 0.4
1.9 0.4
1.9 0.3

2.7 0.6
2.3 0.4
1.5 0.3
1.7 0.2

Grand Mean

4.9 1.5

4.1 1.4

2.4 0.3

2.1 0.3

5.6 2.4

5.0 2.6

2.5 0.4

2.1 0.4

Rotation Cycle

Pr>F
Block
0.0024
0.0066
0.0137
0.0280
0.0021
0.0018
<.0001
Composted Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Rotation Cycle
0.0160
0.3737
<.0001
0.0007
0.0003
0.0021
0.0016
Manure* Rotation
0.0286
0.2215
0.0007
0.0025
0.0001
0.0007
0.0033
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
M=Manured plots; U=Unmanured plots.

<.0001
<.0001
0.0952
0.0024
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Table 25. Means, standard deviations, and coefficient of variation for the 2014 corn biomass per
plant by treatment.
Manure
Treatment

Stalk + Leaves (g)

Ear
(g)

Kernels
(g)

Total Biomass
(g)

Manured
Unmanured

176  48 (27%)
128  47 (36%)

148  22 (13%)
118  37 (31%)

4-yr Rotation
125  19 (15%)
102  34 (34%)

326  58 (18%)
248  84 (34%)

Manured
Unmanured

257  36 (14%)
145  12 (8%)

212  88 (42%)
134  57 (42%)

7-yr Rotation
149  80 (53%)
87  11 (13%)

436  115 (26%)
253  22 (9%)

* The coefficient of variation (CV) for the treatments means is presented in parenthesis

Table 26. Effect of the 2014 manure treatment on cowpea, weed, and total biomass, 4-yr rotation.
Variables

Cowpeas Biomass

Weed Biomass

Total Biomass

M
U

1.69a  0.57
2.29a  1.50

Mg ha-1
3.09a  1.08
2.78a  1.50

4.78a  0.52
5.06a  0.60

Grand Mean

2.08  1.23

2.88  1.27

4.97  0.54

Pr>F
Block
0.3381
0.1571
0.6343
Manure
0.3474
0.2221
0.9457
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the 
symbol are the standard deviation. M=Manured plots; U=Unmanured plots.

EXPERIMENT II:
2013 Within-Rotation Effect of Manure and Crop on Transition into and out of Temporary
Grass Component

In the next section 2013 soil physical properties [bulk density (BD), dry geometric mean
diameter aggregation (DA-GMD), wet geometric mean diameter aggregation (WA-GMD), and
soil organic matter at 0-10cm depth (SOM)] will be discussed in the context of the transition
from crops to grass, and from grass back into crops (Table 27). Soil chemical properties (each
from 0-5cm and 5-10cm) will also be discussed in the context of the transition from crops to
grass (kale to O5), and from grass back into crops (O7 to corn). Properties discussed will be pH

(KCl), SOM (%), soil test phosphorus (STP), soil test potassium (STK), soil test Ca (STCa) and
total nitrogen (TotN).

Manure effect within rotation on transition into and out of grass component

In 2013, as measured in the transition into the grass component, manure application had a
significant effect on all soil physical properties measured. Bulk density was significantly lower
in manured plots, compared to unmanured plots (Table 27). Dry Aggregate stability (GMD) was
higher in unmanured plots, compared to manured plots. Wet Aggregate stability (GMD) and
SOM were both higher in manured plots than in unmanured plots. In 2013, as measured in the
transition into the grass component, manure application had a significant effect on pH and SOM
at all depths (Table 28). In all cases, values were higher in manured plots than in unmanured
plots. Soil test phosphorus and STK behaved similarly to pH and SOM. An effect of manure was
observed at all depths; nutrients were higher in manured plots (Table 29). Soil test calcium and
TotN also behaved similarly to the previously discussed nutrients. The effect of manure was
significant on both nutrients at all depths, with significantly higher values in manured plots than
those in unmanured plots (Table 30).
Transitioning out of the grass component, regardless of crop (O7 or corn) manured plots
had significantly lower BD than plots in the unmanured treatment; however no significant effect
of manure application was observed on DA-GMD, WA-GMD, or SOM. As was found for the
transition from crops to grass, pH and SOM in the transition from grass to crops (third year of
orchardgrass mix (O7) and first crop corn) were significantly affected by manure application
(Table 28). At all depths, manured plots exhibited higher pH and SOM. This was also the case
for STP, STK (Table 29), STCa and TotN (Table 30).

Crop effect within rotation on transition into and out of grass component
Crop treatment, represented by kale (last crop before grass) and first year of orchardgrass
mix (O5), had a significant effect on physical properties. BD in O5 was significantly higher than
that in the kale plots. Crop also had a significant effect on aggregate stability. Dry Aggregate
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stability (GMD) was significantly higher in O5 plots, compared to kale plots (Table 27). Wet
Aggregate stability (GMD), however, was significantly higher in kale plots than it was in O5
plots. Soil organic matter was not significantly affected by crop. No effect of crop was observed
on pH during the transition into the grass component. An effect of crop was only observed in
stratified SOM at the 0-5cm depth; O5 plots had higher SOM than kale plots. An effect of crop
was observed in both STP and STK but only at the 0-5cm depth, in which O5 values were
greater than those in kale. The effect of crop was also significant for both STCa and TotN at all
depths. Nutrient values in the O5 plots were higher than those in the kale plots.
Concerning the transition from grass plots to crops, a significant effect of crop was
observed on BD; corn plots had significantly lower BD than O7 plots, presumably due to tillage
(Table 27). Crop also had a significant effect on aggregate stability. Corn plots had significantly
higher DA-GMD than O7 plots, while O7 plots had significantly higher WA-GMD than corn
plots. An effect of crop was observed in both pH and SOM, but only at the 5-10cm depth (Table
28). In both cases, nutrients were higher in O7 plots than in corn plots. An effect of crop was
observed on STP and STK values for 2013 (Table 29). For both nutrients, values in corn plots
were significantly higher than those in O7 plots, but only at the surface depth. A significant
effect of crop was observed for STCa, but not for TotN (Table 30). Soil test calcium in O7 plots
is significantly larger than in corn plots at all depths.

Interaction between manure and crop on transition into and out of grass component
An interaction between manure and crop was found for BD, DA-GMD, and SOM during
the transition out of the grass component. For these properties, decrease in soil quality when
manure was not applied was more evident in corn plots (high magnitude interaction).
An interaction of manure and crop was observed for pH, regardless of the point in the
transition. An interaction was found between manure and crop on TotN at all depths. An effect of
block was only observed for SOM at the 5-10cm depth. Interactions between manure and crop
were found for pH at both depths, and for SOM at the surface (0-5cm) depth. An interaction
between manure and crop was found for STP at all depths and for STK at the 5-10cm depth. An
interaction between manure and crop was observed for STCa at all depths regardless of the point
in the transition, and for TotN at the 0-5cm depth.
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Table 27. Transition from Grass into Crop Component, and Crop Component into Grass: Effect of manure and plant species on 2013
soil physical properties.
Transition into the grass component
2013 Variables

BD
Mg/m3

DA-GMD
mm

M
U

1.11b 0.07
1.20a 0.10

4.4b 1.9
5.6a 2.3

3.8a 1.2
3.2b 1.2

3.6a 1.1
3.1b 0.9

M
U

1.14b 0.10
1.23a 0.12

5.4a 1.6
5.9a 1.7

5.2a 0.5
5.2a 0.7

4.3a 1.5
3.4b 1.0

K
O5

1.14b 0.08
1.19a 0.11

4.4b 2.1
6.4a 1.7

4.7a 0.9
2.8b 0.8

3.3a 0.9
3.4a 1.2

O7
C

1.24a 0.11
1.13b 0.10

6.1a 1.7
5.1b 1.5

5.5a 0.3
4.9b 0.6

3.9a 1.3
3.7a 1.4

Manure*Crop
K*M
O5*M
K*U
O5*U

1.110.07
1.110.07
1.170.09
1.260.09

3.7 1.8
5.9 1.1
4.9 2.2
6.9 2.1

3.1 0.8
4.9 0.7
2.6 0.8
4.5 0.8

3.6 1.0
3.7 1.2
3.1 0.8
3.1 1.1

O7*M
C*M
O7*U
C*U

1.16 0.09
1.12 0.11
1.31 0.07
1.14 0.09

5.3 1.4
5.4 1.9
7.0 1.6
4.8 1.0

5.4 0.4
4.9 0.5
5.6 0.3
4.9 0.8

4.5 1.5
3.9 1.5
3.4 0.7
3.5 1.3

Grand Mean

1.15 0.10

5.0 2.2

4.7 0.1

3.9  0.9

Grand
Mean

1.18 0.11

5.6 1.7

5.2 0.6

3.6 0.8

Manure

Crop

WA-GMD
mm

Transition into the crop component
SOM
%

BD
Mg/m3

DA-GMD
mm

WA-GMD
mm

SOM
%

Pr>F
Pr>F
Block
0.7322
0.0002
0.1375
<.0001
0.0128
0.0008
0.3022
0.1291
Manure
<.0001
0.0025
0.0043
<.0001
0.0002
0.1363
0.7929
<.0001
Crop
0.0174
<.0001
<.0001
0.4413
<.0001
0.0038
0.0001
0.3108
Manure*Crop
0.0168
0.8081
0.8688
0.6031
0.0100
0.0013
0.4725
0.0921
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
BD=Bulk Density; DA-GMD=Dry aggregate geometric mean diameter; WA-GMD=Wet aggregate geometric mean diameter; SOM (0-10cm) = Soil organic
matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass.

Table 28. Transition from Grass into Crop Component, and Crop into Grass Component: Effect of manure and plant species on 2013
stratified soil pH (KCl) and soil organic matter (SOM).
Transition into the grass component

2013 Variables
Manure

0-5cm

pH (KCl)
5-10cm

0-5cm

Transition into the crop component

SOM (%)
5-10cm

pH (KCl)
0-5cm

5-10cm

0-5cm

SOM (%)
5-10cm

M
U

5.70a 0.27
5.18b  0.46

5.63a 0.31
5.14b 0.54

4.5a 0.6
3.6b 0.8

3.9a 0.7
3.3b 0.7

M
U

5.96a 0.27
5.33b 0.43

5.82a 0.39
5.07b 0.46

6.0a 0.9
4.5b 0.8

4.0a 0.8
3.3b 0.7

K
O5

5.41a 0.44
5.51a 0.50

5.38a 0.48
5.40a 0.55

3.9b 0.7
4.2a 1.0

3.6a 0.8
3.7a 0.8

O7
C

5.66a 0.60
5.64a 0.31

5.58a 0.69
5.33b 0.39

5.2a 1.3
5.3a 0.9

3.9a 0.8
3.5b 0.8

Manure*Crop
K*M
O5*M
K*U
O5*U

5.58 0.24
5.93 0.18
5.23 0.51
5.09 0.33

5.53 0.31
5.84 0.18
5.22 0.57
4.97 0.44

4.3 0.6
4.7 0.6
3.5 0.5
3.8 1.1

3.9 0.7
3.3 0.6
3.1 0.7
3.3 0.7

O7*M
C*M
O7*U
C*U

6.17 0.10
5.74 0.19
5.12 0.40
5.53 0.37

6.14 0.18
5.51 0.25
4.99 0.49
5.14 0.42

6.4 0.7
5.7 0.9
4.0 0.4
4.9 0.8

4.3 0.8
3.7 0.8
3.4 0.6
3.2 0.8

Grand Mean

5.44 0.46

5.38 0.50

4.0 0.8

3.7  0.7

5.65 0.47

5.45 0.57

5.3 1.2

3.7 0.8

Crop

Pr>F
Pr>F
Block
0.0010
0.0309
<.0001
0.0002
0.7425
0.2335
0.2191
Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
0.1783
0.7916
0.0227
0.4301
0.8909
0.0125
0.4338
Manure*Crop
0.0016
0.0031
0.5502
0.2237
<.0001
<.0001
0.0002
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
SOM=Soil organic matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass

0.0006
<.0001
0.0365
0.1755

Table 29. Transition from Grass into Crop Component, and Crop into Grass Component: Effect of manure and plant species on 2013
stratified soil P (mg/kg) and K (mg/kg).
Transition into the grass component

2013 Variables
Manure

STP (mg/kg)
0-5cm
5-10cm

Transition into the crop component

STK (mg/kg)
0-5cm
5-10cm

STP (mg/kg)
0-5cm
5-10cm

STK (mg/kg)
0-5cm
5-10cm

M
U

42.3a 18.1
15.1b 6.1

36.1a 17.3
13.2b 5.9

149.1a 35.8
109.4b 25.5

112.6a 25
87.0b 23.1

M
U

84.48a 24.6
42.19b 34.5

46.78a 16.5
22.95b 21.3

195.4a 64.6
157.24b 44

137.31a 48.3
102.05b 30

K
O5

27.1b 16.4
32.0a 23.6

23.5a 14.9
27.1a 21.2

125.7b 33.7
136.3a 41.9

102a 28.6
95.5a 23.9

O7
C

54.19b 38.7
72.88a 32.3

32.53a 21.8
37.52a 23.0

164.66b 41
188.27a 70

121.6a 28
118.4a 55

Manure*Crop
K*M
O5*M
K*U
O5*U

37.1 17.3
52.8 15.2
17.0 6.4
11.2 2.4

32.0 16.2
44.4 16.8
15.0 6.4
9.7 2.5

143.0 32.9
161.2 39.4
24.7 24.7
27.8 27.8

116.3 26.2
105.1 21.3
87.6 23.6
85.8 23.0

O7*M
C*M
O7*U
C*U

87.1 22.0
81.9 27.6
19.0 11.1
63.9 35.2

44.1 16.0
49.5 17.2
14.4 8.16
30.9 26.7

179.2 43.9
211.6 78.6
149.0 31.4
164.9 53.4

130.2 32.0
144.4 61.0
112.4 21.4
92.4 33.6

Grand Mean

28.7 19.1

24.7 17.2

129.2 36.8

99.8 27.2

63.7 36.6

35.1 22.4

176.7 58.3

120.0 43.7

Crop

Pr>F
Pr>F
Block
0.0119
0.0141
<.0001
0.0003
0.0021
0.0317
<.0001
Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0013
Crop
0.0663
0.1803
0.0759
0.1952
0.0015
0.2020
0.0346
Manure*Crop
0.0001
0.0011
0.2098
0.3453
<.0001
0.0169
0.5583
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
SOM=Soil organic matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass.

0.0019
0.0004
0.8221
0.0900
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Table 30. Transition from Grass into Crop Component, and Crop into Grass Component: Effect of manure and plant species on 2013
stratified soil Ca (mg/kg) and TotN (g/kg).
Transition into the grass component

2013 Variables
Manure

STCa (mg/kg)
0-5cm
5-10cm

Transition into the crop component

TotN (g/kg)
0-5cm
5-10cm

STCa (mg/kg)
0-5cm
5-10cm

TotN (g/kg)
0-5cm
5-10cm

M
U

1958a 460
1690b 556

1975a 502
1749b 638

2.43a 0.4
1.91b 0.4

2.20a 0.4
1.75b 0.3

M
U

2427a 451
1630b 446

2298a 644
1531b 501

3.19a 0.4
2.39b 0.4

2.19a 0.4
1.79b 0.3

K
O5

1728b 537
2015a 451

1757b 605
2072a 476

2.11b 0.3
2.29a 0.6

1.92b 0.3
2.08a 0.6

O7
C

2135a 714
1938b 454

2076a 778
1770b 568

2.80a 0.7
2.79a 0.4

2.06a 0.4
1.93a 0.4

Manure*Crop
K*M
O5*M
K*U
O5*U

1849 512
2177 214
1608 542
1854 565

1843 543
2240 264
1671 659
1905 583

2.3 0.3
2.7 0.5
1.9 0.2
1.9 0.5

2.1 0.3
2.4 0.5
1.8 0.3
1.7 0.4

O7*M
C*M
O7*U
C*U

2711 255
2142 428
1517 484
1735 394

2552 627
2043 572
1567 583
1498 429

3.4 0.3
3.0 0.4
2.2 0.2
2.6 0.4

2.3 0.4
2.1 0.4
1.8  0.2
1.8 0.4

Grand Mean

1824 525

1862 582

2.2 0.5

2.0 0.4

2035 599

1921 691

2.8 0.6

2.0 0.4

Crop

Pr>F
Pr>F
Block
<.0001
<.0001
<.0001
<.0001
0.0011
<.0001
0.1391
Manure
0.0012
0.0202
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
0.0010
0.0025
0.0054
0.0257
0.0638
0.0215
0.9461
Manure*Crop
0.6282
0.4215
0.0035
0.0102
<.0001
0.0771
<.0001
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
SOM=Soil organic matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass.

0.0038
<.0001
0.1392
0.1608

2014 Within-Rotation Effect of Manure and Crop on Transition into and out of Temporary
Grass Component

In this section 2014 soil physical properties [bulk density (BD), dry geometric mean
diameter aggregation (DA-GMD), wet geometric mean diameter aggregation (WA-GMD), and
soil organic matter at 0-10cm depth (SOM)] will be discussed in the context of the transition
from crops into grass, and from grass back into crops (Table 31).
The 2014 stratified elements at depths of 0-5cm and 5-10cm selected as indicators of
possible changes occurring in the transition from crops to grass, and from grass back into crops
were: pH (KCl), SOM (%), soil test phosphorus (STP), soil test potassium (STK), soil test
calcium (STCa) and total nitrogen (TotN).
In the following section biomass production for the grass component will be analyzed.
Table 35 shows the yields observed in 2013 and 2014 as affected by manure application and
years into the transition.

Manure effect within rotation on transition into and out of grass component
In 2014, concerning the transition into the grass component, manure application had a
significant effect on BD, which was significantly lower in manured plots, compared to
unmanured plots (Table 31). Dry aggregate stability was not significantly affected by manure
application. Wet aggregate stability and SOM were both higher in unmanured plots than in
manured plots. In 2014, concerning the transition into the grass component, manure application
had a significant effect on pH, SOM, STP, STK, STCa, and TotN at all depths (Table 32-34). In
all cases, values were higher in manured plots than in unmanured plots.
In the 2014, the transition from grass to crops (third year of orchardgrass mix (O7) and
first crop corn), manure application and crop had a significant effect on BD, WA-GMD and
SOM. Plots in the manure treatment had significantly lower BD, higher WA-GMD and higher
SOM than plots in the unmanured treatment, regardless of crop. The DA-GMD was not affected
by manure application. For the transition from the third year of grass (O7 to corn), as was found

in 2013, in 2014 manure application significantly affected pH, SOM, STP, STK, STCa, and
TotN (Table 32-34). At all depths, manured plots exhibited higher nutrients content.
In both years there is a statistically significant increase in grass biomass in previouslymanured plots.

Crop effect within rotation on transition into and out of grass component
As in 2013, in 2014 crop treatment (kale or O5) also had a significant effect on BD in the
transition into the grass component. Bulk density in the first year of grass (O5) was significantly
higher than that in the kale plots (before the transition). Different from 2013, in 2014 crop
treatment did not have a significant effect on DA-GMD, WA-GMD, or SOM. An effect of crop
(kale or O5) was only observed in stratified SOM at the 0-5cm depth, as was the case in 2013.
O5 plots had higher SOM than kale plots (Table 32). Related to STP, at all depths O5 exhibited
statistically significantly greater values than those in kale. This was not observed for STK. As
was observed in 2013, in 2014 the effect of crop (kale or O5) was also significant for TotN at all
depths, but not for STCa. Nutrient values in the kale plots were higher than those in the O5 plots
(Table 35).
Regarding the transition from grass into crops, corn plots exhibited on average lower BD,
WA-GMD and SOM than O7 plots. As was found in 2013, corn plots had significantly higher
DA-GMD than O7 plots, while O7 plots had significantly higher WA-GMD than corn plots. An
effect of crop was observed only on the 5-10cm depth SOM (Table 32). Soil organic matter
values were higher in corn plots than in O7 plots. An effect of crop was observed on STK values
for 2014 (Table 33). On average, STK values in corn plots were significantly higher than those in
O7 plots at all depths. A significant effect of crop was observed for TotN at the 5-10cm depth,
but not for STCa (Table 34). In this case TotN in corn plots was significantly larger than in O7
plots.
Data did not indicate a significant change in biomass production during the transition,
although from the first year to the last year in both 2013 and 2014, a general increase was
observed.
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Interaction between manure and crop on transition into and out of grass component

An interaction was observed between manure and crop for BD and WA-GMD both
during the transition into and out of the grass component. For the transition into the grass
component, an interaction of manure and crop was observed for pH at all depths and for SOM at
the surface depth. An interaction between manure and crop was found in both nutrients P and K,
at all depths. An interaction was found between manure and crop on STCa at all depths, and on
TotN at the surface depth.
For the transition out of the grass component, interactions between manure and crop were
not observed for pH or SOM. An interaction between manure and crop was observed for TotN at
all depths and for STCa at the 0-5cm depth. Orchardgrass biomass data did not show an
interaction between “years into the transition” and manure application for either 2013 or 2014
(Table 35).
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Table 31. Transition from Grass into Crop Component, and Crop Component into Grass: Effect of manure and plant species on 2014
soil physical properties.
Transition into the grass component
2014 Variables

BD
Mg/m3

DA-GMD
mm

M
U

1.16b 0.08
1.25a 0.05

2.26a 0.28
2.19a 0.28

4.89a 0.60
9.96b 1.23

3.7a 1.3
1.9b 0.8

M
U

1.16b 0.09
1.28a 0.05

2.31a 0.23
2.39a 0.27

5.03a 0.65
4.72b 0.94

4.3a 1.7
3.0b 0.9

K
O5

1.17b 0.09
1.24a 0.05

2.17a 0.19
2.28a 0.35

4.42a 1.33
4.40a 0.73

3.5a 1.3
3.2a 1.0

O7
C

1.24a 0.08
1.19b 0.10

2.26b 0.23
2.44a 0.29

5.15a 0.47
4.59b 1.00

3.5b 1.5
3.9a 1.5

Manure*Crop
K*M
O5*M
K*U
O5*U

1.09 0.05
1.22 0.05
1.24 0.06
1.25 0.05

2.28 0.13
2.23 0.39
2.07 0.17
2.31 0.32

5.20 0.44
4.56 0.59
3.66 0.49
4.26 0.84

4.0 1.5
3.5 1.2
2.9 0.8
2.9 0.8

O7*M
C*M
O7*U
C*U

1.21 0.08
1.12 0.08
1.28 0.06
1.27 0.05

2.26 0.25
2.36 0.21
2.26 0.22
2.54 0.24

5.12 0.49
4.95 0.80
5.19 0.46
4.23 1.09

4.0 1.8
4.6 1.6
2.9 0.9
3.2 0.8

Grand Mean

1.20 0.08

2.23 0.28

4.41 1.07

3.3 1.2

1.22 0.09

2.35 0.25

4.88 0.82

3.7 1.5

Manure

Crop

WA-GMD
mm

Transition into the crop component
SOM
%

BD
Mg/m3

DA-GMD
mm

WA-GMD
Mm

SOM
%

Pr>F
Pr>F
Block
0.0040
0.0006
0.6561
0.0255
0.7622
0.0997
0.2082
0.0261
Manure
<.0001
0.2715
0.0004
<.0001
<.0001
0.1456
0.0998
<.0001
Crop
<.0001
0.1088
0.9565
0.1756
0.0076
0.0031
0.0062
0.0201
Manure*Crop
0.0171
0.1535
0.0447
0.5009
0.0171
0.1535
0.0447
0.5009
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
BD=Bulk Density; DA-GMD=Dry aggregate geometric mean diameter; WA-GMD=Wet aggregate geometric mean diameter; SOM (0-10cm)=Soil organic
matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass.

Table 32. Transition from Grass into Crop Component, and Crop into Grass Component: Effect of manure and plant species on 2014
stratified soil pH (KCl) and soil organic matter (SOM).
Transition into the grass component

2014 Variables
Manure

0-5cm

pH (KCl)
5-10cm

0-5cm

Transition into the crop component

SOM (%)
5-10cm

pH (KCl)
0-5cm

5-10cm

0-5cm

SOM (%)
5-10cm

M
U

6.85a 0.23
6.44b  0.46

6.84a 0.30
6.39b 0.52

4.8a 1.1
3.8b 0.7

4.0a 0.8
2.9b 0.6

M
U

7.21a 0.21
6.22b 0.32

7.26a 0.19
6.17b 0.39

6.0a 1.0
3.9b 0.6

4.5a 0.9
3.0b 0.6

K
O5

6.65a 0.42
6.64a 0.42

6.64a 0.46
6.60a 0.51

4.4a 1.2
4.0b 0.9

3.6a 0.9
3.4a 0.8

O7
C

6.67a 0.56
6.77a 0.58

6.71a 0.63
6.74a 0.62

4.8a 1.3
5.1a 1.4

3.5b 1.0
4.1a 1.0

Manure*Crop
K*M
O5*M
K*U
O5*U

7.00 0.20
6.70 0.14
6.29 0.22
6.60 0.59

7.04 0.22
6.65 0.24
6.24 0.23
6.54 0.68

5.4 0.9
4.3 0.9
3.5 0.6
3.7 0.8

4.2 0.8
3.9 0.8
3.0 0.6
2.9 0.6

O7*M
C*M
O7*U
C*U

7.12 0.21
7.29 0.19
6.21 0.4
6.22 0.21

7.23 0.21
7.29 0.18
6.19 0.46
6.15 0.31

5.8 1.1
6.2 0.7
3.8 0.6
3.9 0.7

4.1 1.0
4.9 0.8
2.8 0.5
3.3 0.5

Grand Mean

6.65 0.42

6.62 0.48

4.2 1.1

3.5  0.9

6.720.57

6.67 0.66

4.9 1.4

3.8 1.1

Crop

Pr>F
Pr>F
Block
0.8834
0.9929
0.0798
0.0138
0.0016
0.0387
0.0045
Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
0.9940
0.6652
0.0453
0.2717
0.1600
0.9355
0.1147
Manure*Crop
0.0009
0.0017
0.0039
0.3763
0.2035
0.5276
0.5629
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
SOM=Soil organic matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass.

0.0160
<.0001
0.0012
0.5181

Table 33. Transition from Grass into Crop Component, and Crop into Grass Component: Effect of manure and plant species on 2014
stratified soil P (mg/kg) and K (mg/kg).
Transition into the grass component

2014 Variables
Manure

STP (mg/kg)
0-5cm
5-10cm

Transition into the crop component

STK (mg/kg)
0-5cm
5-10cm

STP (mg/kg)
0-5cm
5-10cm

STK (mg/kg)
0-5cm
5-10cm

M
U

31.1a 16.6
12.3b 4.4

22.2a 11.8
9.3a 3.7

193.6a 63
123.3b 27

98.7a 30.4
69.5b 18.5

M
U

93.63a 26
11.72b 7.6

60.23a 26
8.00b 3.9

279.1a 69
192.7b 61

198.1a 64
114.1b 37

K
O5

28.3a 18.6
15.1b 6.5

19.6a 13.1
11.9b 5.9

163.7a 63
153.2a 57

82.3a 29.7
85.9a 28.7

O7
C

49.60a 44
57.28a 47

33.13a 35
36.03a 30

205.7b 66
268.6a 78

133.1b 58
181.3a 68

Manure*Crop
K*M
O5*M
K*U
O5*U

43.3 14.8
18.9 5.8
13.2 3.9
11.4 4.8

29.1 12.4
15.3 6.0
10.1 3.8
8.5 3.6

211.7 53
175.5 69
115.7 22
130.8 31

102.1 29.0
95.3 32.4
62.5 12.3
76.4 21.4

O7*M
C*M
O7*U
C*U

87.4 18.0
99.9 30.7
11.8 6.4
11.6 8.9

59.3 32.2
61.2 19.5
7.0 3.2
9.1 4.5

247 54.4
312 68.0
165 49.6
222 60.1

168.6 56.2
227.5 59.0
97.5 32.7
131.9 33.7

Grand Mean

21.7 15.3

15.8 10.8

158.4 59

84.1 29.0

53.37 45.4

34.56 32.3

236.6 78.1

156.8 67.1

Crop

Pr>F
Pr>F
Block
0.0834
0.0746
0.0002
0.0045
0.0016
0.0387
0.0045
Manure
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
<.0001
0.0001
0.3273
0.5553
0.1600
0.9355
0.1147
Manure*Crop
<.0001
0.0018
0.0198
0.0883
0.2035
0.5276
0.5629
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
SOM=Soil organic matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass.

0.0160
<.0001
0.0012
0.5181
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Table 34. Transition from Grass into Crop Component, and Crop into Grass Component: Effect of manure and plant species on 2014
stratified soil Ca (mg/kg) and TotN (g/kg).
Transition into the grass component

2014 Variables
Manure

Ca (mg/kg)
0-5cm
5-10cm

Transition into the crop component

TotN (g/kg)
0-5cm
5-10cm

Ca (mg/kg)
0-5cm
5-10cm

TotN (g/kg)
0-5cm
5-10cm

M
U

1867a 441
1441b 511

1866a 427
1527b 778

2.51a 0.4
1.90b 0.2

2.19a 0.4
1.64b 0.2

M
U

2615a 538
1470b 435

2472a 626
1495b 455

3.26a 0.5
2.07b 0.2

2.53a 0.5
1.66b 0.1

K
O5

1665a 486
1642a 559

1638a 480
1754a 781

2.34a 0.5
2.07b 0.3

1.99a 0.4
1.84b 0.4

O7
C

1986a 758
2120a 758

1956a 756
2028a 721

2.59a 0.7
2.76a 0.7

1.95b 0.5
2.26a 0.6

Manure*Crop
K*M
O5*M
K*U
O5*U

2061 295
1672 485
1270 260
1612 641

2027 277
1706 497
1250 279
1803 1007

2.79 0.39
2.23 0.28
1.88 0.25
1.91 0.24

2.32 0.37
2.07 0.33
1.67 0.23
1.62 0.23

O7*M
C*M
O7*U
C*U

2486 689
2745 301
1487 429
1452 459

2375 746
2569 486
1536 502
1450 413

3.10 0.58
3.41 0.37
2.09 0.27
2.05 0.24

2.29 0.50
2.77 0.46
1.60 0.21
1.72 0.14

Grand Mean

1654 520

1696 646

2.20 0.5

1.92 0.4

2052 755

1991 734

2.67 0.7

2.10 0.6

Crop

Pr>F
Pr>F
Block
<.0001
0.0007
0.1262
0.0191
<.0001
<.0001
0.0535
Manure
<.0001
0.0161
<.0001
<.0001
<.0001
<.0001
<.0001
Crop
0.8103
0.3987
0.0007
0.0440
0.2437
0.6796
0.1678
Manure*Crop
0.0004
0.0023
0.0003
0.2043
0.0871
0.1690
0.0740
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the  symbol are the standard deviation.
SOM=Soil organic matter; M=Manured plots; U=Unmanured plots; C=Corn; O7= Last year in grass; K=Kale; O5=First year in grass.

0.0482
<.0001
0.0024
0.0557
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Table 35. Effect of manure treatment and year into the transition on grass biomass in 2013 and
2014.
Variables

Grass 2013

Grass 2014
Mg ha

Manure

-1

M
U

4.99a  1.27
3.26b  1.23

6.84a  0.70
5.49a  1.65

Year (in pasture)
O5 = 1-yr
O6 = 2-yr
O7 = 3-yr

3.78a  1.40
3.78a  1.79
4.81a  1.31

6.69a  1.49
6.43a  0.84
5.37a  1.64

M x O5
M xO6
M x O7
U x O5
U x O6
U x O7

4.36  1.60
5.09  1.68
5.51  1.29
3.19  1.13
2.48  0.29
4.10  1.66

6.81  0.98
6.87  0.97
6.85  0.17
6.58  2.13
5.99  0.51
3.89  0.36

Grand Mean

4.36  1.60

Manure*Year

6.70  1.49
Pr>F

Block
0.8193
0.7779
Manure
0.0219
0.0303
Year (in pasture)
0.3546
0.1533
Manure* Year
0.6291
0.1466
*Different letters within a column indicate significant difference at α =0.1 within factor. Values following the 
symbol are the standard deviation. M=Manured plots; U=Unmanured plots; O5=First year in grass O7= Last year in
grass; K=Kale; C = Corn.

DISCUSSION

2013 Within Rotation Effect of Manure and Crop on Physical and Chemical Quality
Manure effect within rotation type (4-yr and 7-yr)

In 2013, surface bulk density values were statistically significantly affected by composted
manure addition regardless of rotation. Manure addition has been found to decrease bulk density
by others (Hati et al., 2007, Schjonning et al, 1994). This effect may be due to the incorporation
of a less-dense material into the soil (lowering overall density), the improvement in aggregation
associated with increased SOM and the subsequent increase in micropore volume, or possible
increased root growth in manured plots (Schjonning et al., 1994).

Within rotation, in 2013, dry aggregate stability (GMD) values were significantly larger
in crops planted in the 4-yr rotational cycle not receiving composted manure. No significant
difference was observed between manured and unmanured plots in the 7-yr cycle. The grass
component in the 7-yr rotation may have modified the effect of manure on GMD by increasing
dry aggregation via root mass. In the 7-yr rotation, regardless of manure application, in the corn
plots the grass component may have left larger residual aggregates due to grass roots holding
particles and secondary aggregates together (Tisdall & Oades, 1979; Chan & Heenan, 1996).
Wet aggregate stability-geometric mean diameter (WA-GMD) values were significantly
larger in plots in the 4-yr rotation receiving composted manure, as compared to 4-yr plots not
receiving composted manure. Several scientists have reported the benefits of organic matter on
water-stable aggregation (Six et al., 2001; Bird et al., 2002; Shirani et al., 2002). No significant
difference was observed between manured and unmanured plots in the 7-yr rotation; this showed
evidence of the possible effect that the grass component may have on wet aggregation, which
was a similar effect to that of the manure application. Increased SOM is known to correlate with
increased aggregate stability (Green et al., 2005; Rachman et al., 2003).
In both rotations, plots receiving composted manure had significantly higher SOM than
plots receiving no composted manure. The increase in SOM is a direct effect of manure
application (Bronick & Lal, 2005; Hati et al., 2007; Luo et al., 2009). The first crop (corn),
received direct manure application, while the last crop (kale) did not.
In the 4-yr rotation cycle soil pH values were significantly affected by composted manure
addition at all depths (Table 4). In all cases, soil pH was higher in manured plots than in
unmanured plots. The effect of pH increase with the addition of manure has been observed by
other scientists (Whalen et al., 2000; Walker et al., 2004; Haynes & Naidu, 1998; Eghball, 2002).
The fact that pH was only significantly affected in the 4-yr rotation, and not in the 7-yr may be
due to a higher absolute manure quantity applied to the 4-yr plots than to the 7-yr plots; therefore
the effect of manure on pH is more evident in 4-yr plots.
Soil Organic Matter (SOM) is the direct consequence of manure application, and rotation
composition and duration. Results support the significant relationship between applied manure
and soil organic matter at all depths regardless of rotation type or crop (corn and kale). As
manure was applied, SOM increased (Tables 5 and 6). Manure is also a direct source of plant
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available nutrients. All measured nutrients responded positively to manure addition. As their
behavior was so similar, they will be discussed together.
Within the 4-yr and 7-yr rotations, all nutrients responded positively to manure
application. Zinc (Zn) is considered a micronutrient in the soil, and is needed in small but critical
bioavailable concentrations. Livestock manures are sources of Zn applied to the soil as fertilizers
or amendments (Alloway, 2008). In this rotation study, the manure treatment applied to the
rotation was expected to affect the natural background soil test zinc (STZn). As was found for
soil organic matter (SOM) and STZn, changes in soil total nitrogen (TotN) were expected to
directly respond to the manure treatment applied in this study.

Crop effect within rotation type (4-yr and 7-yr)

No significant effect of crop was observed on bulk density in either rotational cycle. This
issue is uncommon in the literature, but because of similar tillage and planting practices, no
significant difference is expected between BD values in corn and kale plots.
Dry aggregate stability (DA-GMD) was significantly higher in 7-yr corn plots than in 7yr kale plots. A possible explanation for this is that tillage activity during the cropping cycle
results in smaller dry-stable aggregates by the end of the cropping cycle. It is interesting that
there is no significant effect of crop in the 4-yr plots, which indicates that either the DA-GMD is
smaller to begin with in corn plots, or there is less of a decrease in size due to the cropping cycle.
Wet aggregate stability was significantly higher in the 7-year rotation cycle corn plots
than in 7-yr kale plots. It is possible that the observed benefit of the grass component was lost
after three years of continuous cropping. In comparison to the 7-yr rotation, no significant effect
of crop was observed in the 4-year plots. As found for DA-GMD, it appears that in the 4-yr
rotation, WA-GMD was never large enough in the first place to experience a significant decrease
in size over time in the cropping cycle.
It was observed that regardless of rotation, corn plots show a higher SOM content than
kale plots. As was explained in the previous soil physical properties section, manure application
schedule may explain this observation.
A significant effect of crop was only found on pH at the surface (0-5cm) in the 7-yr corn
plots; the measured pH was higher in the corn plots than in the kale plots. The significant
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decrease in surface pH three years after the first crop (corn) observed in the 7-yr rotation but not
in the 4-yr rotation is evidence of the loss of the effect of the grass component after cropping.
Within rotation, the effect of crop is significant on many nutrients; values in corn plots
are significantly higher than those in kale plots.
A significant effect of crop was found on STMg at the 0-5cm depth in the 7-yr plots
(Table 7). In this case, STMg values were higher in corn plots than in kale plots. This
observation could be a consequence of the higher, recent and more frequent application of
manure in the 4-yr cycle. However, STMg (0-10cm) for corn plots and STMg (0-5cm) for kale
plots is only significantly different in kale plots at the 5-10cm depth.
Regardless of rotation, corn plots exhibited statistically significant higher STZn and TotN
than kale (Table 7); this observation is explained by timing of the manure application.

Interactions within rotation type (4-yr and 7-yr) between manure and crop

A highly significant interaction between manure and crop on bulk density values was
observed in the 4-yr rotation: the effect of manure on corn was higher than on kale (Figure 5).
This may be explained by the fact that corn received composted manure directly at planting time,
while kale did not. It is interesting to observe that in the 7-yr rotation, no interaction was
observed between manure application and crop, indicating that the grass component may have
improved the soil bulk density in a way that it was able to override the manure effect during the
crop component of the rotation.
As was found for BD, a significant interaction between manure and crop was observed
for DA-GMD in 7-yr plots, but not in 4-yr plots (Figure 6). The effect of manure application
resulted in a higher DA-GMD in the 7-yr rotation regardless of crop, however the difference
between manured and unmanured plots was smaller for corn than for kale. The grass component
increased the DA-GMD regardless of manure application; this may be due to the physical and
biochemical effect of the grass. No interaction was observed for wet aggregate stability (WAGMD).
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Rotation 7-yr

1.3

Bulk Density (Mg m-3)

Bulk Density (Mg m-3)

Rotation 4-yr
1.25
1.2
1.15
1.1
1.05
1
Manured
Corn plots

1.3
1.25
1.2
1.15
1.1
1.05
1

Non-Manured

Manured

Kale plots

Corn plots

Non-Manured
Kale plots

Figure 5. Interactions for bulk density (BD, 0-5mm) between manured and unmanured plots
within rotation.
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Figure 6. Interactions for dry aggregate stability geometric mean diameter (DA-GMD, 0-5cm)
between manured and unmanured plots within rotation.
In the 4-yr rotation, at all depths the magnitude of the difference between SOM in the
manured and unmanured corn plots was higher than that observed for the kale plots (Figure 7).
In other words, regardless of crop, the decrease in SOM when manure was not applied was much
larger in the corn plots than in the kale plots. Considering that manured corn plots were directly
manured every year, and kale was not, this result is to be expected. The fact that this interaction
was not observed in the 7-yr rotation may be the result of the grass component.
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Non-Manured
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Figure 7. Interactions for soil organic matter (SOM, 0-5cm) between manured and unmanured
plots within rotation.
For pH, an interaction was observed between manure and crop in 4-yr plots at the 0-10cm
depth, but not in the 7-yr plots (Figure 8). In the 4-yr rotation the interaction shows that although
pH is always lower in unmanured plots, corn plots have a bigger difference in pH than the kale
plots. This may be due to the manure application schedule in which manure is applied to the first
(corn) and third (wheat) crop of the rotation, kale does not receive manure directly. Stratified soil
organic matter interactions are similar to those already discussed.

Rotation 7-yr

6

6

5.5

5.5

pH (0-5cm)

pH (0-5cm)

Rotation 4-yr

5
4.5
4

5
4.5
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Manured
Corn plots

Non-Manured
Kale plots

Manured
Corn plots

Non-Manured
Kale plots

Figure 8. Interactions for pH (0-5cm) between manured and unmanured plots within rotation.
Soil test phosphorus (STP) showed an interaction between manure and crop (Figure 9).
At the 0-5cm and 5-10cm depth, a decrease was observed from corn to kale plots, but in the 4-yr
rotation unmanured corn plots had much lower values than 7-yr corn plots. Therefore more of a
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decrease occurred in the 7-yr plots from corn to kale in non-manured plots than in 4-yr
unmanured plots. This appears to show a beneficial effect of the 7-yr rotation on corn plots in the
absence of composted manure application. Soil test potassium (STK) behavior was very similar
to that of STP (Figure 10).
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Figure 9. Interactions for soil test Phosphorus (STP, 0-5cm) between manured and unmanured
plots within rotation.
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Figure 10. Interactions for soil test potassium (STK, 5-10cm) between manured and unmanured
plots within rotation.
For soil test calcium (STCa), an interaction was found for the 4-yr rotation; however the
interaction was only observed for the 7-yr rotation at the 5-10cm depth (Figure 11). The behavior
of the interaction in the 7-yr rotation is the same as observed for STK. Data indicate that STCa
values in the 4-yr unmanured corn plots responded differently than the 4-yr unmanured kale
plots. The interaction behavior of soil test Mg is the opposite of what is observed for the previous
nutrients (Figure 12, 13). It is possible that there is mobilization of STMg in the grass
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Figure 11. Interactions for soil test calcium (STCa, 0-5cm) between manured and unmanured
plots within rotation.
component, leaving higher levels of STMg in the soil, but the kale crop either does not appear
to remove very much from the soil, or what it removes is returned to the soil in crop residues.
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Figure 12. Interactions for soil test magnesium (STMg, 0-5cm) between manured and unmanured
plots within rotation.
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Figure 13. Interactions for soil test magnesium (STMg, 5-10cm) between manured and
unmanured plots within rotation.
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The 4-yr rotation shows a high-magnitude interaction effect of crop and manure on
measured zinc and nitrogen; at all depths unmanured corn and kale plots had a similar TotN and
STZn, but significant differences were observed when the corn and kale plots were manured
(Figure 14, 15). Manure application timing explains this observation. No interactions were
observed for either STZn or TotN for the 7-yr rotation, regardless of crop. The interaction
observed for surface TotN (0-5cm) exhibits the same behavior as STZn (Table 16).
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Figure 14. Interactions for soil test zinc (STZn, 0-5cm) between manured and unmanured plots
within rotation.
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Figure 15. Interactions for soil test zinc (STZn, 5-10cm) between manured and unmanured plots
within rotation.
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Figure 16. Interactions for total nitrogen (TotN, 0-5cm) between manured and unmanured plots
within rotation.

2013 Between-Rotation Effect of Manure and Rotation on Physical and Chemical Quality,
and Biomass
Manure effect between rotation type (4yr and 7-yr)

In 2013, when comparing surface BD within crop in the 4-yr rotation against the 7-yr
rotation, BD values were significantly affected by manure addition in the first crop of the
rotation (corn) and in the last crop of the rotation (kale). In both crops, plots receiving composted
manure exhibited significantly lower bulk density than plots receiving no composted manure.
In 2013, when comparing the same crop between rotations, dry aggregate stability (DAGMD) values were significantly larger in kale plots not receiving composted manure than those
receiving composted manure, regardless of rotation type. No significant difference was observed
between manured and unmanured corn plots (Figure 18). Results indicate that under the kale
plots larger blocks of soil with low porosity were formed due to tillage and low organic matter
after three years of continuous cropping. A higher bulk density in these plots supports this
explanation.
Regardless of crop, wet aggregate stability (WA-GMD) was greater in plots receiving
composted manure than in plots receiving no manure. Soil organic matter (SOM) values were
significantly higher in corn and kale plots receiving composted manure (“Manured”) than
“Unmanured” plots (Table 8).
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Soil pH values between 0-10cm in depth were significantly affected by composted
manure addition regardless of temporal position in the rotation (first or last crop) (Table 9). In all
cases, soil pH was higher in manured plots than in unmanured plots; the proposed explanation
for this observation was given in previous paragraphs.
In general, soil fertility in this rotation experiment was managed using manure
applications. Nutrients such as phosphorus (P) and nitrogen (N) in organic systems are
commonly managed through manure application, however there are other elements such as
calcium (Ca), magnesium (Mg), potassium (K), zinc (Zn) that are part of the manure
composition. As a consequence P, K, Ca, Mg, K, Zn, and N are expected to be highly related to
manure applied. In general, higher manure applications were found to be associated with
significant increases in nutrient content.
Cowpea biomass and total biomass (weeds + cowpeas) were significantly affected by
manure application (Table 14). Biomass was significantly higher in manured plots, however
weed biomass was not affected by manure. In 2013, over 50% of the total biomass sampled was
weed biomass (Table 14).
Several problems with biomass sampling prevented the intended comparisons from being
made in this study. Inconsistent weed-management and very poor plant stand in 2013 corn plots
prevented accurate biomass data collection for these plots. These data have been omitted.

Rotation effect between rotation type (4yr and 7-yr)

A significant effect of rotation cycle on bulk density was observed in the corn plots, but
not in kale plots. Corn plots in the 7-yr cycle had significantly lower bulk density than corn plots
in the 4-yr cycle (Table 8). In 2013, dry aggregate stability was significantly higher in the 7-year
rotation corn plots, compared to the 4-year corn plots. No significant effect of rotation cycle on
DA-GMD was observed in kale plots. Rotation had a statistically significant effect on wet
aggregate stability for corn and kale plots. Wet aggregate stability was significantly higher in the
7-year rotation cycle corn plots, while the opposite was true for kale plots (Table 8). This may be
due to a residual effect of roots from the grass component causing larger aggregates in plots
immediately following this treatment, which are then tilled and broken down by the end of the
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cropping cycle and compensated for by the greater absolute amount of manure present in the 4-yr
rotation.
A significant effect of rotation cycle on SOM (0-10cm depth) was observed in the kale
plots, but not in corn plots. Kale plots in the 7-yr cycle had significantly higher SOM than kale
plots in the 4-yr cycle.
For pH, a significant effect of rotation was only observed in the surface depth (0-5cm) in
corn, indicating that on average the soil pH was significantly higher in 7-yr plots (pH = 5.6) than
in the 4-yr plots (pH = 5.4). When comparing stratified SOM between the first and last crop of
the rotation, a significant effect of rotation was observed at the 0-5cm depth for the corn plots,
and at all depths for kale. Soil test phosphorus (0-10cm depth) was statistically significantly
higher in the 4-yr rotation than in the 7-yr rotation (Table 10). Soil test potassium (5-10cm) was
also is statistically significantly higher in the 4-yr rotation than in the 7-yr rotation. This
observation could be a consequence of the higher, recent and more frequent application of
manure in the 4-yr cycle. However, STK for corn plots (0-10cm) and for kale plots (0-5cm) does
not show significant differences between rotations.
A significant effect of rotation was only observed at the 5-10cm depth in corn plots for
soil test calcium (STCa) (Table 11). Soil test calcium was statistically significantly higher in the
4-yr plots than in the 7-yr plots. This may be due to the more recent and more often application
of manure in the 4-yr cycle. A significant effect of rotation on STMg was observed regardless of
crop, but only at the 0-5cm depth. In both cases, 7-yr STMg values were higher than those in the
4-yr rotation. There was no significant effect of rotation on STZn (0-10cm) and TotN (5-10cm)
in corn or kale. There was a significant effect of rotation on TotN 0-5cm regardless of being the
first or last crop of the cropping sequence, in both cases the 7-yr rotation exhibited higher
nitrogen concentration than the 4-yr rotation; grass root incorporation may explain the higher N
at the soil surface.
Cowpea biomass, weed biomass, and total biomass (weeds + cowpeas) were not
significantly affected by rotation (Table 14).
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Interactions between manure and rotation, between rotation type (4yr and 7-yr)

A highly significant interaction was found between manure and rotation only for corn;
the effect of not applying manure resulted in a higher BD in the 4-yr rotation than in the 7-yr
rotation (Figure 17). The grass component in the 7-yr rotation without manure application may
have protected the soil BD, by means of increasing the porosity with incorporated grass residues
and roots, and by the fact that the grass component plots are not tilled (Bhattacharyya et al.,
2006). In the kale crop regardless of rotation type, the grass component effect may not remain
after three years of cropping, and an increase in BD was observed when manure was not applied.
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Figure 17. Interactions for bulk density (BD, 0-5cm) between manure and rotation between
rotations (4-yr and 7-yr).
The interaction observed for dry aggregate stability (DA-GMD) between manure and
rotation in corn plots but not in kale plots is similar to the description for bulk density. The slight
decrease in DA-GMD in the 7-yr rotation may indicate that the grass component increased the
strength of aggregates to be broken when dry, regardless of manure application.
An interaction was observed for WA-GMD between manure and rotation in corn plots,
but not in kale plots. For corn, although the WA-GMD decreased as manure rate decreased
regardless of rotation, in the 7-yr rotation the decrease was insignificant (5.0mm for manured
plots, and 4.9mm for unmanured plots) (Figure 18). As observed with previous soil physical
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properties, there is evidence that grass component improves wet aggregation despite no manure
application.
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Figure 18. Interactions for wet aggregate geometric mean diameter (WA-GMD, 0-5cm) between
manure and rotation between rotations (4-yr and 7-yr).
An interaction was observed between manure and rotation for soil organic matter (SOM).
As with other soil properties (e.g. BD and DA-GMD), the presence of the grass component in the
7-yr rotation may explain the “protection” of organic matter; when the unmanured plots are
compared for the 4-yr (2.6  0.8%) and 7-yr (3.5  1.3%), SOM in the 7-yr rotation is 34%
higher than in the 4-yr rotation.
An interaction was observed between manure and rotation on soil pH in corn and kale
plots at all depths (Tables 19 and 20). The interaction is expressed by an increased difference in
pH between the manured and unmanured plots in 7-yr rotation as compared to the 4-yr rotation.
It was previously mentioned that the grass component in 7-yr rotation may protect/preserve the
organic matter and its related benefits (e.g. higher pH, higher SOM content).
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Figure 19. Interactions for pH (0-5cm) between manure and rotation between rotations (4-yr and
7-yr).
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Figure 20. Interactions for pH (5-10cm) between manure and rotation between rotations (4-yr
and 7-yr).
An interaction between manure application and rotation was observed for stratified SOM
in corn plots at all depths, and in kale plots at the 5-10cm depth. Behavior was similar to that
discussed previously.
An interaction was observed between manure and rotation regardless of crop for STP (05cm) (Figure 21). Behavior was the same for the 5-10cm depth. This interaction revealed that
although the STP was higher in manured plots in the 4-yr rotation, STP was higher in the
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unmanured plots for the 7-yr rotation. STK for corn (0-10cm) and for kale (5-10cm) exhibited
the same statistically significant interaction as the one previously described. The grass
component included in 7-yr rotation appears to help store nutrients when no manure is applied.
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Figure 21. Interactions for soil test phosphorus (STP, 0-5cm) between manure and rotation
between rotations (4-yr and 7-yr).
An interaction was observed between manure and rotation for STCa in corn plots, but not
in kale plots. An interaction was observed for STMg, but only in kale plots. This interaction
revealed that although the STMg was higher in manured plots in the 4-yr rotation, STMg was
higher in the unmanured plots for the 7-yr rotation. The grass component in 7-yr rotation may
store nutrients when no manure is applied.
Manure by rotation interaction was observed for zinc (0-10cm) and TotN (5-10cm)
regardless of the crop order in the cropping sequence; manured and unmanured corn and kale
plots in the 7-yr rotation had similar STZn (0 to 10cm) and TotN (5-10cm) behavior, but
significant differences were observed when the corn and kale plots were in the 4-yr rotation. No
interaction was observed for TotN (0-5cm) for kale.

2014 Within Rotation Effect of Manure and Crop on Physical and Chemical Quality

In 2014, soil property behavior was similar to that measured in 2013, although the
magnitude of these properties differed slightly. Therefore discussion of 2014 results will be
directed toward any differences found between the 2013 and 2014 datasets.
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Manure effect within rotation type (4-yr and 7-yr)

2014 surface bulk density values were statistically significantly affected by composted
manure addition independent of rotation type. Plots receiving composted manure exhibited
significantly lower bulk density (Table 15). Dry aggregate stability (DA-GMD) values were not
affected by addition of manure in either rotation. Wet aggregate stability (WA-GMD) values
were not significantly affected by addition of manure in 4-yr plots, but were significantly larger
in manured plots in the 7-yr rotation (Table 15). Plots in the 4-yr rotation were tilled every year
disrupting aggregation processes that create water stable aggregates; however three years of
grass in the 7-yr rotation increases the possibility of producing large water stable aggregates (Six
et al., 2001).
In the 4 and 7-yr rotation cycles, pH and SOM were both significantly affected by
composted manure addition at all depths (Table 16). In all cases, soil pH and SOM were higher
in manured plots than in unmanured plots. This effect is discussed in the 2013 nutrient analysis.
As was found for the year 2013, in 2014 stratified bioavailable nutrients responded
directly to the manure application in this study. In this paragraph STP, STK, STCa, STMg, STZn
and TotN are discussed together. Nutrients were higher in manured plots than in unmanured
plots.

Crop effect within rotation type (4-yr and 7-yr).

As was found for 2013, a significant effect of crop was observed on bulk density, DAGMD, and SOM regardless of rotation cycle (Table 15). Corn plots showed higher DA-GMD
than kale plots (Table 15). Wet GMD was significantly higher in the 4-year rotation kale than in
the corn plots. No significant effect of crop was observed in the 7-year plots. No literature
supporting either of the results could be found. Corn plots in the 7-yr rotation exhibited
statistically significantly higher SOM than kale plots. However kale plots had significantly
higher SOM values than corn plots in the 4-yr rotation (Table 15). This may be explained
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together with soil chemical properties by the fact that composted manure is added directly to
corn plots and not to kale plots.
A significant effect of crop was found only at the 5-10cm depth for pH. In this case, soil
pH values were higher in kale plots than in corn plots. No significant effect of crop was found on
pH in the 7-yr rotation. Stratified soil organic matter (SOM) was significantly higher in kale
plots than in corn plots in the 4-yr rotation, but in the 7-yr rotation, the opposite was true: SOM
values in corn plots were significantly higher than in kale plots (Table 16). It is possible that the
corn plots receive an increase in SOM from the grass component, which benefits corn plots in
the 7-yr rotation, as this increase is absent in the 4-yr rotation.
Soil test phosphorus (STP) was significantly higher in 4-yr kale plots than in 4-yr corn
plots, but in the 7-yr rotation STP was significantly higher in corn plots (Table 17). As explained
previously, the fact that 7-yr corn plots have just emerged from the three years of temporary
grass component, and that manure is added directly to corn plots and not to kale plots, may cause
this response.
Similarly to 2013 results, a significant effect of first or last crop in the rotation was also
found at all depths regardless of rotation. Soil test potassium (STK) was higher in corn plots than
in kale plots in both rotations (Table 17). As mentioned previously, timing of manure addition
may explain this result.
An effect of crop was observed on STCa, but not on STMg. In 4-yr plots, STCa values
were significantly higher in kale plots than in corn plots, but in the 7-yr rotation STCa values
were higher in corn plots than in kale plots.
A significant effect of crop was also observed on both STZn and TotN. In the 4-yr
rotation, these nutrient values were higher in kale plots than in corn plots. In the 7-yr rotation
STZn and TotN were significantly higher in corn plots than in kale (Table 19).

Interactions between manure and crop within rotation type (4-yr and 7-yr).

There was a significant interaction between manure and crop on BD in the 4-yr rotation:
manure corn and kale had similar BDs, however when the plots were manured, corn plots
experienced an important decrease in BD as compared to kale plots. This may be explained by
the fact that corn received composted manure directly at planting time, while kale did not. As
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was found and discussed for 2013 data, 7-yr rotation did not show an interaction between manure
application and crop, indicating that the grass component may have improved the soil bulk
density in a way that it was able to override the manure effect during the crop duration of the
rotation.
In 2014 and 2013, an interaction between manure and crop in the 4-yr plots was observed
on SOM values. This interaction may have been caused by a mismanagement of the 2014
sampled kale plots: some of the plots were incorrectly manured.
An interaction was observed for pH between manure and crop at all depths in 7-yr plots,
and for SOM in 4-yr plots at all depths. In the 4-yr rotation this interaction shows that although
pH is always lower in unmanured plots, corn plots have a bigger difference in pH than the kale
plots. As in the year 2013, this may be due to the manure application schedule in which manure
is applied to the first (corn) and third (wheat) crop of the rotation, while kale does not receive
manure directly.
Interactions were observed between manure and crop for STP, STK, STZn and TotN,
regardless of rotation. At all depths unmanured corn and kale plots had similar nutrient values,
but significant differences were observed when the corn and kale plots were manured. Timing of
manure application may explain this observation. Because the behavior of these nutrients is so
similar to 2013, more thorough discussion of their behavior may be found in the 2013 section.

2014 Between-Rotation Effect of Manure and Rotation on Physical and Chemical Quality,
and Biomass

In 2014, soil property behavior was similar to that measured in 2013, although the
magnitude of these properties differed slightly.
In 2014, corn rows were planted at a greater distance (0.9-1.1m) than in 2013 (0.750.8m). Additionally, distance between plants in a row were measured to be highly variable
(ranging from 0.12 to 0.30cm) and mostly toward the low end of this spectrum. This makes
statistical analysis of this data inefficient for performing comparisons within 2014, and together
with 2013 biomass data. Due to the previous experimental issues, the 2014 corn biomass data
were presented on a per-plant basis, and no ANOVA was run on these data. In Table 25 the 2014
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mean, standard deviation, and coefficient of variation per treatment for stalk + leaves, ear,
kernel, and total cumulative biomass per corn plant are presented.
2014 cowpea biomass data were also incomplete, due to mismanagement of the manure
application on “kale” plots before the pre-established sampling date. In addition, cowpea
biomass samples were not able to be gathered for the entire 7-yr treatment, as they were grazed
by sheep earlier than expected, and the plant material was lost. Data available therefore may only
be used to compare the manure treatment to the unmanured treatment within the 4-yr rotation.

Manure effect between rotations, within first and last crop in the sequence.

Similarly to the year 2013, in 2014 manured plots significantly decreased BD regardless
of crop (Table 20). Dry aggregate stability values (DA-GMD) for 2014 were significantly larger
in corn plots not receiving composted manure than those receiving composted manure, as shown
below in Table 20. However, dry aggregate stability was significantly larger in manured kale
plots than unmanured plots. There was significant effect of manure on WA-GMD regardless of
crop. Wet aggregate stability GMD (WA-GMD) values were significantly larger in both corn and
kale plots receiving composted manure than those not receiving composted manure (Table 20).
This observation supports findings from 2013. Statistically significant effects of manure
application were observed on SOM for the first (corn) and the last (kale) crop in the rotations.
SOM values were higher in manured corn and kale plots (Table 20).
In 2014, the main effect of manure on soil pH and SOM was similar to the year 2013. pH
and SOM were higher in manured plots than in unmanured plots (Table 21). As stated in
previous discussion, the nutrients P, K, Ca, Mg, K, Zn, and N were found to be highly related to
manure applied. Higher manure application related to higher nutrient content.
Corn biomass results suggested that, regardless of rotation cycle, manured corn plot
biomass was consistently higher per plant than unmanured plots.
Manure application did not appear to have an effect on cowpea biomass, which is
different from 2013 results. This discrepancy may be the consequence of kale plot manuring
mismanagement. However, similar to 2013, weeds are the main component of the total biomass.
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Rotation type effect between rotations, within first and last crop in the sequence.

The effect of rotation was observed on BD regardless of crop component: 4-yr rotation
always exhibited significantly higher BD than the 7-yr rotation. In corn planted plots, DA-GMD
was significantly higher when in the 4-year rotation cycle, compared to the 7-year cycle corn
plots. Kale plots did not show the same behavior, as no significant effect of rotation cycle was
observed (Table 20). There was significant effect of rotation on WA-GMD regardless of crop.
Although not significant, when corn was grown in the 4-yr rotation, WA-GMD was smaller than
in corn plots in the 7-yr rotation. The opposite was observed for kale, although significant
differences were observed. WA-GMD was smaller in the 7-yr rotation than in the 4-yr rotation.
A statistically significant effect of rotations was observed on SOM regardless of crop.
Corn plots in the 7-yr cycle had higher SOM (possibly due to the grass component, in spite of
less frequent manure addition), while kale plots in the 4-yr cycle had significantly higher SOM
than kale plots in the 7-yr cycle (possibly due to more frequent manure application, and manure
mismanagement in part of the sampled plots).
Only in the kale plots was soil pH at all depths significantly affected by rotation. In these
cases, pH was higher in the 4-yr than in the 7-yr rotation. Soil Organic Matter values were
significantly higher in 7-yr corn plots than in 4-yr corn plots, but in kale plots the trend reversed;
SOM values in 4-yr kale plots were higher than those in 7-yr kale plots. It is possible that the
manure added to corn plots masked the effect of rotation on pH and SOM, while in kale plots the
difference is more pronounced because no annual manure is added. It is also possible that the
effect of rotation has diminished by the end of the cropping cycle, so that nutrient levels are more
affected by manure application (which occurs more frequently in the 4-yr cycle than in the 7-yr
cycle) than by rotation.
A significant effect of rotation was found on STP and STK, regardless of crop. Soil test
phosphorus (STP) and STK were significantly higher in 7-yr corn plots than in 4-yr corn plots,
but in kale STP and STK were significantly higher in the 4-yr rotation plots (Table 22). This may
be due to the explanation in the previous paragraph. A significant effect of rotation on STCa was
observed regardless of crop; in corn plots, values in the 7-yr rotation were significantly higher
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than those in the 4-yr rotation, while in kale plots values in the 4-yr plots were higher than those
in the 7-yr plots. A significant effect of rotation was found on STMg only in kale plots at the 05cm depth. In this case, STMg was significantly higher in 7-yr kale plots than in 4-yr kale plots
(Table 23). This may be due to a residual effect in kale of the 7-yr rotation. There was a
significant effect of rotation on STZn (0-10cm) and TotN (5-10cm) in corn and kale. In corn
plots, STZn was significantly higher in 7-yr plots than in 4-yr plots, but only at the surface depth
(0-5cm). In kale, STZn values were significantly higher in the 4-yr rotation than in the 7-yr
rotation (Table 24). Total nitrogen in corn plots was significantly higher in the 7-yr rotation,
while in kale plots it was significantly higher in the 4-yr rotation.
Corn biomass results suggest that 7-yr rotation per-plant-biomass was always (when
holding manure addition constant) higher than that of the 4-yr rotation.
The effect of rotation cycle on 2014 cowpea biomass could not be established with the
current biomass observations. It was not possible to relate the statistically significant effect of
manure and/or rotation cycle on soil quality indicator variables (physical and chemical) to the
resulting 2014 biomass production.
The 2014 incomplete biomass information gathered in the field was not adequate to fulfill
the studies objective to measure differences in biomass between first and last crop components of
two rotation cycles subjected at two levels of composted manure.

Interactions between manure and rotation, within first and last crop in the sequence.

An interaction was observed between manure and rotation in corn plots on bulk density
values; manure application was associated with less of a decrease in BD in 4-yr rotation than in
7-yr rotation. Grass roots may have provided higher porosity to the 7-yr plots; this statement is
supported by the fact that kale plots, which were not following a grass component, did not show
an interaction between manure and rotation.
An interaction was observed between manure and rotation in kale plots, but not for the
corn plots. In previous paragraphs, mismanagement on the 2014 sampled kale plots was cited as
a possible explanation for this.
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An interaction was observed between manure and rotation for pH and SOM at all depths
in corn plots and for SOM in kale, however no interaction was observed for pH in kale. In
previous paragraphs the mismanagement of some of the kale plots was discussed, and may
explain this result. An interaction was observed between manure and rotation at all depths for
STP, STK, STCa, STZn, and TotN regardless of crop.
2014 corn biomass values are presented as per-plant measurements, due to previously
discussed problems with the plant stand. Means may be compared in a relative sense; biomass
values are highest where the manure and the 7-yr rotation treatment are combined. The same
trend is visible for cowpea biomass values; the highest biomass values are in manured plots,
compared to unmanured plots, and values in the manured 7-yr plots are highest overall. It is
interesting to note that the lowest overall values are in unmanured 7-yr plots.

EXPERIMENT II:
2013 Within-Rotation Effect of Manure and Crop on Transition into and out of Temporary
Grass Component

The transition from crops (kale) into grass was expected to impact soil quality for reasons
such as management changes from annual tillage, planting, and harvesting of crops to no tillage
or mechanical activity. This pause in tillage has been reported to affect bulk density, aggregate
stability, and SOM (Guo et al., 2010; Feng et al., 2011). Orchardgrass and red clover residues are
left on the surface, protecting the soil surface and contributing to surface SOM, and roots of the
grass impact soil structure and aggregate stability (Carter et al., 1994; Calegari et al., 2010).
Because red clover is a legume, it contributes N to the soil. While manure is not added to the
grass component, residual effects of manure application to corn and wheat plots earlier in the
cropping cycle of manured plots may be measured.
The 2014 stratified elements were chosen for study because they could be mobilized and
removed by the crops, and may be sensitive to transition processes.
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Manure effect within rotation on transition into and out of temporary grass component

In 2013, as measured in the transition into the grass component, manure application had a
significant effect on all soil physical properties measured. Bulk density was significantly lower
in manured plots, compared to unmanured plots (Table 27). Dry Aggregate stability (GMD) was
higher in unmanured plots, compared to manured plots. Wet Aggregate stability (GMD) and
SOM were both higher in manured plots than in unmanured plots.
In 2013, as measured in the transition into the grass component, manure application had a
significant effect on pH and SOM at all depths (Table 28). In all cases, values were higher in
manured plots than in unmanured plots. Soil test phosphorus and STK behaved similarly to pH
and SOM. An effect of manure was observed at all depths; nutrients were higher in manured
plots (Table 29). Soil test calcium and TotN also behaved similarly to the previously discussed
nutrients. The effect of manure was significant on both nutrients at all depths, with significantly
higher values in manured plots than those in unmanured plots (Table 30).
In 2013, as measured in the transition out of the grass component, regardless of crop
(grass or corn) manured plots had significantly lower BD than plots in the unmanured treatment.
No significant effect of manure application was observed on DA-GMD, WA-GMD, or SOM.
As was found for the transition from crops to grass, pH and SOM in the transition from
grass to crops (third year of orchardgrass mix (O7) and first crop corn) were significantly
affected by manure application (Table 28). At all depths, manured plots exhibited higher pH and
SOM. This was also the case for STP, STK (Table 29), STCa and TotN (Table 30). Manure
application and possible grass biomass decomposition provided bioavailable nutrients benefits
when transitioning from grass into corn on indicators such as SOM.

Crop effect within rotation on transition into and out of temporary grass component

Crop treatment, represented by kale (last crop before grass) and first year of orchardgrass
mix (O5), had a significant effect on physical properties. BD in O5 was significantly higher than
that in the kale plots. This is to be expected, since kale plots are tilled in the spring, left to
cowpeas in summer, and less intensively tilled in fall to plant O5. By the following spring, when
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O5 measurements are taken, the soil appears to have settled and increased in density
(reconsolidated). It is important to note that in most cases an increase in BD is considered a
decrease in soil quality, but the increase observed in this study was not limiting to plant growth.
Crop treatment also had a significant effect on aggregate stability. Dry Aggregate
stability (GMD) was significantly higher in O5 plots, compared to kale plots (Table 27). Wet
Aggregate stability (GMD), however, was significantly higher in kale plots than it was in O5
plots. Soil organic matter was not significantly affected by crop.
An effect of crop was only observed in stratified SOM at the 0-5cm depth; O5 plots had
higher SOM than kale plots. This might be attributable to the effect of the grass component
increasing SOM by virtue of added root mass and surface residues. This observation supported
Guo et al. (2010) findings, in which the authors reported that Total N and SOM increased
significantly when cropland was converted to grassland. An effect of crop was observed in both
STP and STK but only at the 0-5cm depth, in which O5 values were greater than those in kale.
The effect of crop was also significant for both STCa and TotN at all depths. Nutrient values in
the O5 plots were higher than those in the kale plots.
The subsequent transition from grass to crops (third year of orchardgrass mix (O7) and
first crop corn) was also expected to impact soil quality for the same reasons mentioned
previously. The transition from grass to cropping systems has been shown to lower BD (due to
tillage) (Guo et al., 2010; Feng et al., 2011), but also decrease aggregate stability due to
mechanical breakdown. SOM is also known to decrease upon converting pasture to cropland due
to increased microbial activity and crop demand for soil nutrients (Aslam et al., 1999).
A significant effect of crop was observed on BD; corn plots had significantly lower BD
than O7 plots, presumably due to tillage (Table 27). Crop also had a significant effect on
aggregate stability. Corn plots had significantly higher DA-GMD than O7 plots, while O7 plots
had significantly higher WA-GMD than corn plots. For three years the grass component may
have allowed organic matter to accumulate, which is conducive to aggregation processes and
water aggregate stability, while tillage may have produced bigger massive dry aggregates in the
corm plots. No significant effect of crop was observed on SOM.
An effect of crop was observed in both pH and SOM, but only at the 5-10cm depth
(Table 28). In both cases, nutrients were higher in O7 plots than in corn plots. This may be due to
the stimulating effect tillage has on microbial decomposition of SOM, although it is interesting
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that manure added to corn plots does not bring values in corn plots to equal or surpass those in
the O7 plots. An effect of crop was observed on STP and STK values for 2013 (Table 29). For
both nutrients, values in corn plots were significantly higher than those in O7 plots, but only at
the surface depth. A significant effect of crop was observed for STCa, but not for TotN (Table
30). Soil test calcium in O7 plots is significantly larger than in corn plots at all depths.
Data did not indicate a significant change in biomass production due to “year in grass”
during the temporary grass component. However, a gradual increase was observed over the years
in grass. In forage/grass production, the first years of establishment are characterized by a lover
biomass yield; this was not observed in the data collected in this study. It was possible that at the
beginning of the transition, grass growing in the manured plots took advantage of existing
residual fertility and improved soil properties, increasing the establishment phase for biomass.
Additionally, grass plots follow kale and cowpeas, which may, in the unmanured plots, increase
nitrogen during the grass establishment phase.

Interaction between manure and crop on transition into and out of temporary grass
component

An interaction between manure and crop was found for BD (Figure 22), DA-GMD
(Figure 23), and SOM (Figure 24). For these properties, decrease in soil quality when manure
was not applied was more evident in corn plots (high magnitude interaction).
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Figure 22. Interactions for bulk density (BD, 0-5 cm) between manure and crop during transition
into and out of temporary grass component.
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Figure 23. Interactions for dry aggregate geometric mean diameter (DA-GMD, 0-5cm) between
manure and crop during transition into and out of temporary grass component.
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Figure 24. Interactions for soil organic matter (SOM, 0-5cm) between manure and crop during
transition into and out of temporary grass component.
An interaction of manure and crop was observed for pH (Table 25). Although Guo et al.
(2010) found surface pH to decrease significantly when cropland was converted to grassland, our
data did not show a significant difference when manure was applied to the plots.
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Figure 25. Interactions for pH (0-5cm) between manure and crop during transition into and out of
temporary grass component.
The increase in overall STP observed in this experiment also does not support findings
reported by Guo et al. (2010). Those authors found that STP decreased significantly during
transition. However, when analyzing the significant interaction between manure and crop was
found only on STP, it was possible to observe that when manure was “not applied” to the plots,
STP reduction was higher in the grass plots than in the kale plots, which may indeed support Guo
et al. (2010) findings. An interaction was found between manure and crop on TotN at all depths.
It seems that despite the more recent application of manure onto kale plots, the effect of the grass
in O5 plots has a potentially protective effect of SOM and nutrients.
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Figure 26. Interactions for soil test phosphorus (STP, 0-5cm) between manure and crop during
transition into and out of temporary grass component.
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Interactions between manure and crop were found for pH at both depths, and for SOM at
the surface (0-5cm) depth. An interaction between manure and crop was found for STP at all
depths and for STK at the 5-10cm depth. In this case, manure application to corn plots appears to
increase STP and STK above levels in the grass component. An interaction between manure and
crop was observed for STCa at all depths and for TotN at the 0-5cm depth.
Manure application on crops may be considered a confounding effect. However
comparing corn or grass plots in which no manure was applied, and observing the increase in
bioavailable nutrients in these unmanured corn plots can only be explained by the nutrients
available in the grass material the year before the transition. More research is recommended in
this area.

2014 Within-Rotation Effect of Manure and Crop on Transition into and out of Temporary
Grass Component

Physical properties behaved very similarly to the way they did in 2013. Therefore some
of the discussion is only included in the 2013 result section. The 2014 stratified elements were
chosen for study because they could be mobilized and removed by the crops, and may be
sensitive to transition processes. Some 2014 bioavailable nutrient data were very similar to those
measured in 2013, and as a consequence part of the data analysis has been presented in more
detail in the previous 2013 discussion.

Manure effect within rotation on transition into and out of temporary grass component

In 2014, as measured in the transition into the grass component, manure application had a
significant effect on BD, which was significantly lower in manured plots, compared to
unmanured plots (Table 31). Dry aggregate stability was not significantly affected by manure
application. Wet aggregate stability and SOM were both higher in unmanured plots than in
manured plots.
In 2014, as measured in the transition into the grass component, manure application had a
significant effect on pH, SOM, STP, STK, STCa, and TotN at all depths (Table 32-34). In all
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cases, values were higher in manured plots than in unmanured plots. This is expected, as the
selected bioavailable nutrients correlate with manure application.
In the 2014, the transition from grass to crops (third year of orchardgrass mix (O7) and
first crop corn), manure application and crop had a significant effect on BD, WA-GMD and
SOM. Plots in the manure treatment had significantly lower BD, higher WA-GMD and higher
SOM than plots in the unmanured treatment, regardless of crop. The DA-GMD was not affected
by manure application.
For the transition from the third year of grass (O7 to corn), as for 2013, in 2014 manure
application significantly affected pH, SOM, STP, STK, STCa, and TotN (Table 32-34). At all
depths, manured plots exhibited higher nutrients content.
In both years there is a statistically significant increase in grass biomass in previouslymanured plots.

Crop effect within rotation on transition into and out of temporary grass component

As in 2013, in 2014 crop treatment (kale or O5) also had a significant effect on BD in the
transition into the grass component. Bulk density in the first year of grass (O5) was significantly
higher than that in the kale plots (before the transition). In the previous section we explained the
possible reasons for this observation. Different from 2013, in 2014 crop treatment did not have a
significant effect on DA-GMD, WA-GMD, or SOM. A mismanagement event in the kale plots
that may have altered these results was discussed previously.
An effect of crop (kale or O5) was only observed in SOM at the 0-5cm depth, as was the
case in 2013. O5 plots had higher SOM than kale plots (Table 32). This might be attributable to
the effect of the addition of organic matter by the grass component.
Related to STP, at all depths O5 exhibited statistically significantly greater values than
those in kale. This was not observed for STK.
As was observed in 2013, in 2014 the effect of crop (kale or O5) was also significant for
TotN at all depths, but not for STCa. Nutrient values in the kale plots were higher than those in
the O5 plots (Table 35).
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Regarding crops, corn plots exhibited in average lower BD, WA-GMD and SOM than O7
plots. As was found in 2013, corn plots had significantly higher DA-GMD than O7 plots, while
O7 plots had significantly higher WA-GMD than corn plots.
An effect of crop (O7 = last year in grass, or corn) was observed only at the 5-10cm
depth SOM (Table 32). SOM values were higher in corn plots than in O7 plots. An effect of crop
was observed on STK values for 2014 (Table 33). On average, STK values in corn plots were
significantly higher than those in O7 plots at all depths. Direct application of manure to the corn
plots may explain this observation. A significant effect of crop was observed for TotN at the 510cm depth, but not for STCa (Table 34). In this case TotN in corn plots was significantly larger
than in O7 plots.
Data did not indicate a significant change in biomass production due to “year in grass”
during the temporary grass component. However, a gradual increase was observed over the years
in grass. Discussion of this result is found in 2013 results for this experiment.

Interaction between manure and crop on transition into and out of temporary grass
component

An interaction between manure and crop was observed for BD and WA-GMD for the
transition out of the grass component. For the transition into the grass component, an interaction
of manure and crop was observed for pH at all depths and for SOM at the surface depth. As was
discussed previously, there is an effect of manure and SOM on buffering soil pH. An interaction
between manure and crop was found in both nutrients P and K, at all depths. The decrease in
STP supports previous observations reported by Guo et al. (2010), however related to STK we
observe an increase in this nutrient under the unmanured grass component. An interaction was
found between manure and crop on STCa at all depths, and on TotN at the surface depth. Soil
test Mg and STZn behaved similarly to STCa, and were therefore omitted in this discussion.
Regarding the transition from grass to crops, interactions between manure and crop were
not observed for pH or SOM.
An interaction between manure and crop was observed for TotN at all depths and for
STCa at the 0-5cm depth. The interaction suggests that corn plots are more sensitive to manure
application than O7 plots. However, both interactions may be explained by the manure
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application timing: manure is applied directly to corn plots increasing nutrients levels. In the case
of the O7 plots, no manure has been added for four previous years; only residual manure
application may be responsible for nutrient content. Unmanured plots for corn or O7 exhibit
similar fertility levels for TotN and STCa.
Data did not show an interaction between “years into the transition” and manure
application.

Conclusions
The results of this research increase the understanding of soil quality changes in organic
crop rotations. At a time when organic agriculture is becoming more common, few studies have
measured soil physical property changes associated with the inclusion of a temporary grass
component in organic crop rotations. Long-term crop rotation studies are required in organic
agricultural systems, and require careful logistical and temporal commitment. They present a
unique opportunity to study complex agricultural systems which may take many years to
stabilize. The results of this research may indicate trends in the in the rotation system. Whether
or not complex rotational cropping systems ever stabilize is a topic for future research.
It is important to note that it was outside the scope of this study to determine whether
changes due to the 7–yr rotation are attributable to “the effect of the grass”, “the pause in
tillage”, or “the brief sheep grazing events”. The comparison of the 7-yr rotation to the 4-yr
rotation did not allow for separation of these individual agents of change, and they are therefore
considered together as the effect of the “temporary grass component”.
Manured plots within rotation nearly always exhibited significantly higher soil physical
quality than unmanured plots (e.g. for 2013, Bulk density (BD) 4-yr Manured (M): 1.09Mg/m3,
4-yr Unmanured (U): 1.22Mg/m3, 7-yr M: 1.15Mg/m3, 7-yr U: 1.24Mg/m3; Dry Aggregate
stability (GMD) 4-yr M: 3.6mm, 4-yr U: 4.6mm, 7-yr M: 5.3mm, 7-yr U: 6.4mm; Wet aggregate
stability (GMD) 4-yr M: 3.7mm, 4-yr U: 2.6mm, 7-yr M: 4.7mm, 7-yr U: 4.6mm; Soil Organic
Matter 4-yr M: 3.9%, 4-yr U: 2.7%, 7-yr M: 4.9%, 7-yr U: 3.2%).
The same trend was found for soil chemical quality; manured plots exhibited significantly
higher plant available nutrients than unmanured plots (e.g. pH 4-yr M: 5.8, 4-yr U: 5.0, 7-yr M:
5.9, 7-yr U: 5.2; Phosphorus 4-yr M: 96.7mg/kg, 4-yr U: 19.7mg/kg, 7-yr M: 70.8mg/kg, 7-yr U:
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26.2mg/kg; Potassium 4-yr M: 201mg/kg, 4-yr U: 111mg/kg, 7-yr M: 175mg/kg, 7-yr U:
129mg/kg; Calcium 4-yr M: 2164mg/kg, 4-yr U: 1481mg/kg, 7-yr M: 2285mg/kg, 7-yr U:
1662mg/kg; Total nitrogen 4-yr M: 2.7g/kg, 4-yr U: 1.7 g/kg, 7-yr M: 2.9 g/kg, 7-yr U: 2.2 g/kg).
Corn Biomass (2014 values), provided in per-plant measurements, and 2013 Cowpea
Biomass were also higher in manured plots than in unmanured plots [Corn Biomass 4-yr M:
326g, 4-yr U: 248g, 7-yr M: 436g, 7-yr U: 253g; Cowpea Biomass 4-yr M: 8.63 Mg/ha, 4-yr U:
5.69 Mg/ha, 7-yr M: 9.47 Mg/ha, 7-yr U: 4.25 Mg/ha]. 2014 results were very similar to 2013
results, and “between-rotation” results were very similar to those found within rotation. These
values are similar to those reported by other authors.
The observed effect of crop within rotation is likely explained by the timing of manure
application. Since composted manure is added directly to corn plots, soil quality was often found
to be higher in corn plots than in kale plots, which do not directly receive manure (e.g. DA-GMD
7-yr C: 5.1 mm, 7-yr K: 4.3 mm; WA-GMD 7-yr C: 4.9 mm, 7-yr K: 2.6 mm; SOM 4-yr C:
3.5%, 4-yr K: 3.1%; 7-yr C: 3.7%, 7-yr K: 3.5%; pH 7-yr C: 5.6, 7-yr K: 5.4; P 4-yr C: 86.9
mg/kg, 4-yr K: 29.6 mg/kg, 7-yr C: 72.9 mg/kg, 7-yr K: 24.5 mg/kg).
Between rotations, the 7-yr rotation improved bulk density (BD 4yr C: 1.7 Mg/m3, 7yr C:
1.3 Mg/m3), DA-GMD (4yr C: 3.9mm, 7yr C: 5.1mm), WA-GMD (4yr C: 3.2mm, 7yr C:
4.9mm) and soil organic matter (SOM 4yr C: 3.1%, 7yr C: 3.5%), and appeared to have a
protective effect of SOM. Regardless of crop, Total N was also higher in the 7-yr rotation (C: 2.8
g/kg, K: 2.2 g/kg) than in the 4-yr rotation (C: 2.3 g/kg, K: 2.0 g/kg). The 7-yr rotation, however,
did not always improve aggregate stability or plant available nutrients (WA-GMD 4yr K:
3.0mm, 7yr K: 2.7mm; P, 7-yr C: 72.9mg/kg, 4-yr C: 86.9mg/kg, and by the end of the cropping
cycle the same trend is visible, e.g. 7-yr K: 24.5mg/kg, and 4-yr K: 29.6mg/kg). In cases where
the 7-yr rotation did not improve soil quality, the fact that the 4-yr rotation receives manure more
often may have contributed to higher soil quality in 4-yr plots. Corn biomass was highest in plots
receiving the manure treatment and the 7-yr rotation treatment (Corn Biomass 4-yr M: 326g, 4-yr
U: 248g, 7-yr M: 436g, 7-yr U: 253g). An interaction was found between manure addition and
rotation.
In some instances results show that benefits due to the temporary grass component persist
between the first (corn) and last year (kale/cowpea) crop components (e.g. for DA-GMD 7-yr C:
5.1mm, 4-yr C: 3.9mm, and by the end of the cropping cycle the same trend is visible. e.g. 7-yr
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K: 4.4mm, and 4-yr K: 4.3). In other cases, these benefits were not observed (e.g. for P, 7-yr C:
72.9mg/kg, 4-yr C: 86.9mg/kg, and by the end of the cropping cycle the same trend is visible,
e.g. 7-yr K: 24.5mg/kg, and 4-yr K: 29.6mg/kg) or lost by the end of the cropping cycle (e.g.
WA-GMD 7-yr C: 4.9mm, 4-yr C: 3.2mm, but by the end of the cropping cycle the trend has
reversed 7-yr K: 2.7mm, 4-yr K: 3.0).
Inconsistent weed-management in 2013 corn plots, inconsistent planting density of 2014
corn plots, and the grazing of 7-yr cowpea plots earlier than expected in 2014 all prevented
accurate biomass data collection for these plots. For these instances, it was not possible to
compare the statistically significant effect of manure and/or rotation cycle on soil quality
indicator variables (physical and chemical) to the resulting biomass production. Future
researchers have much to gain from studying biomass production associated with soil physical
and chemical quality indicators. The importance of consistent management in long term studies
should be emphasized.
In the 7-yr rotation, the transition from crops into grass showed an improvement in soil
quality (e.g. BD K: 1.14, O5: 1.19; DA-GMD K: 4.4mm, O5: 6.4mm; Calcium K: 1728mg/kg,
O5: 2015mg/kg). This improvement was expected to reverse upon reinstatement of cropped plots
sequences, and did so in many cases (e.g. BD O7: 1.24, C: 1.13; DA-GMD K: 6.1mm, O5:
5.1mm; Calcium O7: 2135mg/kg, C: 1938mg/kg). For other properties, an improvement was
observed both after the transition into the grass component, and again after the transition back
into cropped plots (e.g. Phosphorus K: 27.1mg/kg, O5: 32.0mg/kg, O7: 54.2mg/kg, C:
72.9mg/kg; Potassium K: 125.7mg/kg, O5: 136.3mg/kg, O7: 164.7mg/kg, C: 188.3mg/kg) This
supports the hypothesis that soil physical properties (physical quality/health) improve with the
inclusion of a three year grass component into the organic rotation, and that the improvement
persists into the first year of cropping.
The results of this research support the use of manure application in an organic crop
rotation. The results also support the use of a temporary grass component overall to improve soil
physical quality, while it is important that aggregate stability and plant available nutrient pools
are most benefitted by a system with regular manure addition. It is interesting that, while nutrient
pools were higher in 4-yr plots in many cases, biomass production is ultimately highest in plots
receiving the manure and the 7-yr rotation treatment. Because these two practices are Best
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Management Practices, it is suggested that using them in conjunction will yield the best results
for soil quality and biomass production.
Results are specific to the management system established in the WVU Certified Organic
Farm, however the processes that were addressed may be generalized to organic cropping
systems. This research has the ability to better inform decisions about rotational composition and
management practices in organic production systems.
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Appendix A
Table A1. Summary of surface soil properties (0-15cm) in the study area by map unit
BD
Mg/m3

CEC
meq/10
0g

5.1-6.0

1.20-1.40

19-21

0.0240.252

1.0-4.0

4.5-6.0

1.20-1.40

9.0-20

0.0240.084

3e

1.0-4.0

4.5-6.0

1.20-1.40

9.0-20

0.0240.084

15-25

4e

1.0-4.0

4.5-6.0

1.20-1.40

9.0-20

0.0240.084

3-8

2e

2.0-4.0

3.6-5.5

1.20-1.60

8.0-13

0.0240.084

Soil Unit

Texture

Slope
%

Capability
Class

CwE

Silt loam

25-35

6e

3.0-5.0

DgB

Silt loam

3-8

2e

DgC

Silt loam

8-15

DgD

Silt loam

TlB

Silt loam

SOM %

pH

Ksat
cm/min

Source: (Web Soil Survey, 2012)

Table A2: Scanned field map, bird’s eye view of 2014 planting

114

Table A2a: Scanned field map (continued), bird’s eye view of 2014 planting

These field maps show crops for the 2014 planting season.
Manure input is indicated as High (H) = manured, and Low (L) = unmanured.
Orchardgrass plots are denoted as “O” with the year in grass indicated (5, 6, or 7).
“+=animals” indicates the 7-year rotation (the orchardgrass plots are grazed twice per year for
approximately one day.
“- = no animals” indicates the 4-yr rotation. These plots are never grazed.
Table A2b: Rotational Cycles, 4-yr and 7-yr
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Table A3: Varieties of all planted crops:
Crop
Corn

Variety Name
N659 2000-2011
48B30 in 2012 and 2013
Soybean
34A7
Wheat
WS44 (soft red winter wheat)
Kale
“Premier”
Cowpea
“Iron and Clay”
Winter Rye
VNS*
Hairy Vetch VNS*
Orchardgrass “Niva”
(18-40lbs/ac)
Red Clover
“Red Star”
(10 lbs/ac)
*VNS = Variety Not Stated

Source Company
Blue River Hybrids
Blue River Hybrids
Welter Seed Co.
Southern States
Johnny Seeds
Welter Seed Co.
Albert Lee Seed Co.
Welter Seed Co.
Welter Seed Co.

Table A4: Plant Available Nutrient Laboratory Analysis Report Information
Date of
Analysis

N (Surface
N
Phosphate
available)
(Incorporated) (P2O5) (lbs/ton)
(lbs/ton)
(lbs/ton)
6-16-2011
4.96
5.52
7.38
12-9-2010
7.03
8.28
18.81
6-25-2010
4.17
0.17
13.98
10-5-2009
5.94
2.26
10.10
4-14-2009 (1)
2.73
0.97
10.41
4-14-2009 (2)
3.49
1.43
9.97
10-2-2008
3.70
1.72
14.73
Provided for William Bryan, WVU, by: WVDA Nutrient Management Lab

Potash (K2O)
(lbs/ton)
15.44
18.33
7.08
16.84
12.64
9.80
9.89

Moorefield Field Office
60B Industrial Park Road
Moorefield WV 26836
(304) 538-2397
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Figure A1: Calibration curve to estimate grass component biomass.

Appendix B
Overall Means for 2013, Experiment 1: physical and chemical variables measured:
Table B1a
Variable
BD (Mg/m3)
SOM(%)
MWDdry(mm)
GMDdry(mm)
MWDwet(mm)
GMDwet(mm)

Overall Mean
1.18
4.1
8.2
5.3
5.2
4.2

Std Dev
1.12
1.1
3.4
2.1
1.0
1.4

Min
0.91
2.3
3.0
1.3
1.5
0.7

Max
1.479
7.6
45.1
11.2
6.3
6.2

Overall Mean
35.5
114.4
5.4
7.1
1844.1
136.2

Std Dev
37.6
54.6
0.6
0.2
654.6
46.1

Min
2.0
37.0
3.4
5.5
176.0
45.0

Max
218.5
368.5
6.8
7.41
4670.0
336.0

Table B1b
Variable
Phos_mg/kg
K_ mg/kg
pH_KCl
pH_buffer
Ca_ mg/kg
Mg_ mg/kg
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Zn_ mg/kg
OM (%)
TotN (g/kg)

3.5
3.5
1.9

2.5
1.3
0.7

0.5
1.1
0.6

24.7
8.4
4.3

Overall Means for 2014, Experiment 1: physical and chemical variables measured:
Table B1c
Variable
BD (Mg/m3)
SOM(%)
MWDdry(mm)
GMDdry(mm)
MWDwet(mm)
GMDwet(mm)

Overall Mean
1.20
3.6
9.9
2.3
5.4
4.4

Std Dev
1.01
1.5
2.0
0.3
0.8
1.1

Min
0.97
1.1
5.0
1.5
2.7
1.1

Max
1.42
8.7
14.2
3.0
6.2
5.8

Overall Mean
36.2
145.1
6.7
7.2
1751.3
149.4
4.2
3.6
2.0

Std Dev
45.2
95.3
0.5
0.1
686.6
56.1
4.1
1.5
0.7

Min
1.0
29.0
5.5
6.7
640.0
37.0
0.6
1.1
0.74

Max
246.0
462.0
7.7
7.4
4680
311.0
31.8
8.7
4.4

Table B1d
Variable
Phos_mg/kg
K_mg/kg
pH_KCl
pH_buffer
Ca_mg/kg
Mg_mg/kg
Zn_mg/kg
OM (%)
TotN (g/kg)

Table B1e: Corn biomass overall means 2014, plant-based values
Corn Biomass
Metrics

Stalk Biomass
by plant (g)

g/Ear

176.1  35.3

Kernels only, by
plant (g)

152.8  51.0

115.8  36.0

Total Biomass per plant
(Stalks, cobs, and kernels)
(g)
315.7  69.9

Table B2a: Mean weight diameter data for 2013
2013 DA-MWD
A= 4-yr

Treatment
Composted Manure
M
U

B = 7-yr

6.1b
7.5a

8.4a
7.8a

6.6a
7.0a

7.9a
8.2a

Crop
C
K
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Manure*Crop
5.6  2.1
6.7  1.3
7.7  1.5
7.3  2.1

C*M
K*M
C*U
K*U
Grand Mean

8.4  1.8
8.4  1.5
7.5  1.3
8.1  2.7

6.8

8.1
Pr>F

Block
Composted Manure
Crop
Manure*Crop
*Letters show significance at α =0.1 within column.

Treatment

0.0007
0.0016
0.4052
0.0704

0.7894
0.6841
0.8363
0.8302

2013 DA-MWD (mm)
Corn

Kale

Composted Manure
M
U

7.0a
7.6a

7.5a
7.7a

4-yr
7-yr

6.6b
7.9a

7.0a
8.2a

5.6  2.1
8.4  1.8
7.7  1.5
7.5  1.3

6.7  1.3
8.4  1.5
7.3  2.1
8.1  2.7

7.2

7.6

Rotation Cycle

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr
Grand Mean

Pr>F
Block
Composted Manure
Rotation
Rotation*Crop
*Letters show significance at α =0.1 within column.

Treatment

0.0072
0.1393
0.0022
0.0004

2013 WA-MWD
A= 4-yr

0.4615
0.9109
0.3876
0.7601

B = 7-yr

Composted Manure
M
U

5.1a
4.0b

5.0a
4.8a

C
K

4.5a
4.5a

5.8a
4.1b

Crop

Manure*Crop
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C*M
K*M
C*U
K*U

5.1  0.5
5.0  0.5
3.8  1.5
4.1  0.9

Grand Mean

5.8  0.3
4.2  0.9
5.7  0.5
3.9  0.8

4.5

4.9
Pr>F

Block
Composted Manure
Crop
Manure*Crop
*Letters show significance at α =0.1 within column.

Treatment

0.3123
<.0001
0.8595
0.4778

2013 WA: MWD (mm)
Corn

0.0287
0.4208
<.0001
0.5909

Kale

Composted Manure
M
U

5.5a
4.8b

4.6a
4.0b

4-yr
7-yr

4.5b
5.8a

4.5a
4.1b

5.1  0.5
5.8  0.3
3.8  1.5
5.7  0.5

5.0  0.5
4.2  0.8
4.1  0.9
3.9  0.8

5.1

4.3

Rotation Cycle

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr
Grand Mean

Pr>F
Block
Composted Manure
Rotation
Rotation*Crop
*Letters show significance at α =0.1 within column.

0.1853
0.0024
<.0001
0.0091

0.0475
0.0032
0.0160
0.0733

Table B2b: Mean weight diameter data for 2014
2014 DA-MWD
Treatment

A= 4-yr

B = 7-yr

M
U

10.2a
10.0a

9.6a
9.9a

C
K

11.6a
8.6b

10.5a
8.9b

Composted Manure

Crop

Manure*Crop
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C*M

11.3  1.5

9.8  1.6

K*M

9.1  1.7

9.4  0.9

C*U

12.0  1.3

11.4  1.7

K*U

8.1 2.6

8.5  1.3

Grand Mean

10.1

9.7
Pr>F

Block
Composted Manure
Crop
Manure*Crop
*Letters show significance at α =0.1 within column.

Treatment

0.0012
0.6603
<.0001
0.0368

0.8521
0.3693
<.0001
0.0009

2014 DA-MWD (mm)
Corn

Kale

Composted Manure
M
U

10.6b
11.7a

9.2a
8.3b

4-yr
7-yr

11.6a
10.6b

8.6a
8.9a

11.3  1.5
9.8  1.6
12.0  1.3
11.4  1.7

9.1  1.7
9.4  0.9
8.1  1.6
8.5  1.3

11.1

8.8

Rotation Cycle

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr
Grand Mean

Pr>F
Block
Composted Manure
Rotation
Rotation*Crop
*Letters show significance at α =0.1 within column.

Treatment

0.1886
0.0070
0.0095
0.2130

2014 WA-MWD
A= 4-yr

0.1648
0.0114
0.3295
0.9561

B = 7-yr

Composted Manure
M
U

5.4a
5.3a

5.8a
5.0b

C
K

5.1b
5.7a

5.5a
5.3a

Crop
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Manure*Crop
C*M

5.1  0.6

5.7  0.5

K*M

5.8  0.2

5.9  0.2

C*U

5.0  0.7

5.3  0.8

K*U

5.6  0.7

4.7  1.2

Grand Mean

5.4

5.4
Pr>F

Block
Composted Manure
Crop
Manure*Crop
*Letters show significance at α =0.1 within column.

Treatment

0.5727
0.3914
0.0002
0.9036

0.0662
0.0002
0.2407
0.0660

2014 WA: MWD (mm)
Corn

Kale

Composted Manure
M
U

5.4a
5.1a

5.8a
5.2b

4-yr
7-yr

5.1b
5.5a

5.7a
5.3b

5.1  0.6
5.7  0.5
5.0  0.7
5.3  0.8

5.8  0.2
5.9  0.2
5.6  0.7
4.7  1.2

5.3

5.5

Rotation Cycle

Manure*Rotation
M*4-yr
M*7-yr
U*4-yr
U*7-yr
Grand Mean

Pr>F
Block
Composted Manure
Rotation
Rotation*Crop
*Letters show significance at α =0.1 within column.

0.1127
0.1111
0.0095
0.3548

0.0702
0.0006
0.0321
0.0071

Appendix C
Table C1a: MWD data for aggregate stability- Transition from Crops into Grass Component,
and Grass Component into Crops as affected by Manure Input
Dry Aggregate Stability (MWD) 2014 (mm)
Treatment
M

U
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Crop (Crop to Grass Transition)
Kale
O5

9.4a
9.4a

Grand Mean

9.4

8.5b
10.0a
9.2
Pr>F

Block
Crop

0.0002
0.9177

0.1640
0.0121

O7
Corn

9.3a
9.8b

9.3b
11.4a

Grand Mean

9.5

Crop (Grass to Crop Transition)

10.3
Pr>F

Block
0.0994
0.2896
Crop
0.3591
0.0012
*Letters show significance at α =0.1 within column.

Table C1b Transition from Crops into Grass Component,
and Grass Component into Crops as affected by Manure Input
Wet Aggregate Stability (MWD) 2014 (mm)
Treatment
M

U

Crop (Crop to Grass Transition)
Kale
O5

5.9a
5.5b

Grand Mean

5.7

4.7a
5.3a
5.0
Pr>F

Block
Crop

0.5346
0.0051

0.3853
0.1006

O7
Corn

5.8a
5.7a

5.9a
5.3b

Grand Mean

5.8

Crop (Grass to Crop Transition)

5.6
Pr>F

Block
0.2035
0.8232
Crop
0.5143
0.0119
*Letters show significance at α =0.1 within column.
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